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A bstract 

1  lit'  performance  ol  an  automation  or  robotic  device  can  be  measured  in  terms 
of  its  power  efficiency.  Screw  theory  is  used  to  mathematically  define  the  task  in 
stantaneouslv  with  two  screws.  The  task  wrench  defines  the  effect  of  the  device  on 
its  environment,  and  the  task  twist  describes  the  motion  of  the  device.  I  he  tasks  can 
be  separated  into  three  task  types:  kinetic,  manipulative,  and  reactive.  Efficiency 
metrics  are  developed  for  each  task  type.  The  output  power  is  strictly  a  function  of 
the  task  screws,  while  device  input  power  is  shown  to  be  a  function  of  the  task,  the 
device  Jacobian,  and  the  actuator  type.  Expressions  for  input  power  are  developed 
for  two  common  types  of  actuators.  DC  servomotors  and  hydraulic  actuators.  Simple 
examples  are  used  to  illustrate  how  power  analysis  can  be  used  for  task/ workspace 
planning,  actuator  selection,  device  configuration  design,  and  redundancy  resolution. 


POWER  ANALYSIS  IN  FLEXIBLE  AUTOMATION 


I.  Introduction 

An  underlying  cost  ill  all  aspects  ol  engineering  is  the  cost  o!  nicrsv.  1  Ins  is 
particularly  true  ol  many  automation  and  robotics  application--.  In  lactories.  large 
numbers  of  robot s  use  power  to  lilt .  weld,  paint .  and  grind.  In  space,  possible  robot  i<  s 
applications  would  use  energy  derived  from  luel  or  equipment  which  costs  thousands 
of  dollars  per  pound  to  launch.  The  energy  efficiency  ol  a  robot  can  have  a  dramatic 
effect  on  the  economic  feasibility  of  a  system,  yet  this  topic  is  seldom  mentioned  in 
robotics  <fnd  automation  literature. 

/ .  /  Mot  i v a tion  and  Coals 

In  order  to  design  and  use  robots  in  an  energy  efficient  manner,  a  basic  analysis 
of  their  energy  use  is  required.  This  thesis  develops  a  method  to  quantify  the  power 
efficiency  of  a  robotic  mechanism  in  the  completion  of  a  specified  task,  lo  this  end. 
the  task  is  defined  mathematically  using  screw  fheorv.  and  a  met  hod  is  developed 
that  describes  the  power  consumption  of  the  robot  in  terms  of  the  task.  Since 
the  appropriate  measure  of  efficiency  of  the  mechanism  depends  upon  the  nature 
of  the  required  task,  several  metrics  are  proposed  to  cover  the  spectrum  ol  task 
possibilities.  Finally,  the  utility  of  power  analysis  is  illustrated  through  the  use  of 
multiple  applications.  These  include  examples  of  how  power  analysis  can  be  used  for 
task/ workspace  planning,  actuator  selection,  manipulator  design,  and  redundancy 
resolution. 
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I.J  S  co  in 


1  lie  analysis  performed  in  t  his  thesis  re 'presents  a  luiiinl.it  i<>n  lot  an  area  that 
has  been  1  Hat  i vcl  v  uni ouehed  in  robotics.  As  >u<  li.  manv  ^ i 1 1 1 j » 1 1 ! t »  at  mis  ha\<-  l n ■  r t 
made  in  the  interest  ul  exploring  the  substantial  opporl  unit  ies  nlb-rcd  by  this  new 
approach.  hirst,  virtually  all  ol  the  typical  sources  ol  inelln  ictu  y  ha\e  been  nj 
norecl.  1  he  analysis  neglects  all  sources  ol  htetion  and  actuator  losses  sm  h  a~-  uiotoi 
windage,  coredoss,  hydraulic  fluid  leakage,  transmission  backlash,  etc.  Another  sig 
nificant  limitation  is  the  dependence  on  the  instantaneous  delmition  ol  the  task. 
With  this  assumption,  a  complex  function  ol  a  robot  can  be  considered  the  sum  of 
many  tasks,  each  ol  which  is  constant.  I  ho  analysis  also  neglec  ts  dynamic  elfeets  on 
joint  torque,  instead  opting  for  the  quasi-static  relationship  between  joint  torques 
and  end-effector  loads,  which  is  commonly  used  in  robotics  for  devices  which  have 
little  acceleration  or  for  situations  where  the  average*  joint  torques  are  ol  interest. 
Finally,  the  device's  used  in  the'  illustrative  examples  arc'  composed  ol  massless  links 
to  ease  the  computational  complexity.  These  assumptions  are  not  essential  to  (lie 
power  analysis,  hut  servo  to  make'  this  introductory  effort  more  manageable.  In  the 
future',  it  is  hoped  that  refinements  ran  be  made  to  the  basic  equations  established 
here. 

1.  i  Thesis  Ore  r vie  w 

I  lie  purpose  of  Chapter  II  is  twofold.  |  ho  lirst  purpose'  is  to  acquaint  the 
reader  with  earlier  research  in  the  energy  effic  ieney  of  robots  and  with  the  variety  of 
other  metrics  proposed  toaiel  in  robot  ele-sign  and  applications.  Second,  the  source's 
used  to  provide*  a  basic  understanding  of  screw  theory  anel  the  workings  of  robotics 
actuators  are  reviewed. 

Chapter  ill  lavs  the  foundation  for  the  power  analysis.  Screw  the'ory  is  re'vie'wed 
for  use  in  the  task  definition,  categorization  of  task  types,  and  the-  development  of  an 
expression  for  output  power.  An  ideal  model  for  robotics  ac  tuators  is  also  presented 


which  provides  a  start  inii'  point  tor  the  incorporat  ion  ot  the-  actuator  into  the  poue-r 
analysis. 

( ’hapter  l\’  is  the  heart  of  t  his  t  liesis.  There  are  t  Iiree  primary  section'  in  the 
chapter,  l  irst.  it  use's  screw  theory  to  delme  tin-  task,  ami  establishes  three  i.isk 
types:  kinetic.  reacti\<-.  and  inanipnlat  iv e-.  I  lie  analysis  relates  task  type  to  the 
rt'lal  i  v  e  oriental  ion  and  magnit  mle  ol  t  h<-  task  s<  reus.  I  lie-  secoml  see  t  ion  <hs(  n  -ss 
tlie>  powe'r  in  the'  task.  1  he'  output  powe'r  is  given  in  te-rins  e>l  the-  task  se  le'Ws  and 
the'  contrast  betwevn  uselul  ami  real  pow<T  is  e  e  uisie  le-ice  I .  Se>veral  f  ie  >i  i  t  raelit  ieiual 
forms  of  power  leiss  are  lllust  rat e -e I  including  re'active*  pe»we*r  and  ireeune't  i  n  poweu  . 
Kxpte'ssions  are’  ele'Ve'lope'd  lol  the'  ele'Vie'e'  input  power  leu  robotic  inecha II I s 1 1 |s  il'lliil 
l)('  nmtors  and  livelrauhe  aet  uateirs.  ,mel  the-  expre'ssiems  are-  t  ranslot  uie'el  Ireuu  joint 
space  to  task  space.  I  lie  third  sectiern  ol  the  ehapte-r  propose's  tliri'e'  ine'tries  lor 
powe'r  e'fiicienev  and  describes  their  relation  to  task  type'. 

Chapter  V  contains  applications  ol  power  analysis  and  the  powe'r  cllicictn  \ 
metrics.  These  examples  demonstrate  me'thods  lor  task/workspace'  planning,  aetu 
at.or  comparison,  manipulator  configuration  comparison  and  re'diindancy  ri'solnt ie.n 
using  power  analysis. 

Chapter  VI  summarize's  lli<’  re'sults  e>l  (’liapters  1\  anel  V.  and  provider  cent 
e  lusions  and  recommendations  lor  lut tire'  re'seareh. 
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II.  Lil  cruture  Review 


Energy  efficiency  in  robotics  lias  not  been  well  studied.  This  may  ho  attributed 
to  the  relative  novelty  ot  tin*  Hold,  since  the  hulk  of  research  has  necessarily  been 
devoted  to  first  understanding  the  kinematics,  dynamics  and  control  of  robots.  One 
of  the  early  discussions  of  energy  efficiency  was  in  the  context  of  a  walking  robot, 
where  Hi  rose  and  l  i  mot  an  i  in  1980  (11  and  Waldron  and  Kinzel  in  1981  (2)  discussed 
one  of  the  advantage's  of  a  pantograph  geomet  ry  as  being  a  high  mechanical  efficiency. 
In  particular,  Waldron  intuitions  "hack-driven  actuators  as  a  source  of  inefficiency 
in  robots. 

In  1988,  Song  and  Lee  (3)  continued  the  investigation  of  Ihe  mechanical  effi¬ 
ciency  of  pantograph  type  manipulators.  They  defined  geometric  work  as  the  differ¬ 
ence  between  actuator  work  and  output,  work  of  a  robotic  system,  and  demonstrated 
that  a  massless  pantograph  manipulator  does  zero  geometric  work. 

Most  recently,  Spenny  and  Leahy  (  I)  used  the  concept  of  geometric  work  to 
define  geometric  mechanical  efficiency  ((LMK).  CLMK  was  t  hen  used  to  determine  the 
optimum  2-DOF  manipulator  design  for  lifting  in  a  gravity  field.  They  considered 
serial,  parallel,  and  pantograph  type  manipulators  and  incorporated  the  mass  of 
the  links  into  the  study.  Their  results  indicated  that,  in  fact,  a  parallel  structure 
can  outperform  the  pantograph  over  a  significant  portion  of  workspace  under  these 
conditions. 

Many  other  metrics  have  been  proposed  to  define  the  quality  of  a  manipulator 
or  a  grasp.  One  of  the  most  widely  applicable  of  these  is  the  measure  of  manipulabilUy 
(MOM)  defined  by  Yoshikawa  in  1981  (8).  The  MOM  is  a  function  of  the  determinant 
of  the  Jacobian  and  its  transpose.  It  is  a  continuous  measure  that,  evaluates  the 
kinematic  quality  of  robotic  mechanisms  and  can  he  used  in  design  and  control  of 
robots.  A  similar  quality  measure  was  suggested  by  Salisbury  and  Craig  in  1982  (6). 


Their  metric  was  the  condition  number  ol  the  .Jacobian  nntrix.  In  1991.  McAree 
el.  al.  (7)  applied  another  similar  measure,  the  determinant  ol  the  Jacobian,  to  the 
grasping  problem.  All  of  these  measures  can  be  used  to  avoid  singular  configurations 
of  a  mechanism,  and  will  find  solutions  that  provide  a  strong  response  ol  the  end- 
effector  to  the  actual :>'s.  They  can  bo  characterized  as  ''controllability  measures. 
Another  important  concept  used  in  redundancy  resolution  is  the  potential  function. 
Nakumura.  (8)  provides  an  excellent  demonstration  of  its  application  in  robotics. 

Screw  theory  has  been  widely  used  in  robotics  literature  to  illustrate  the  dy¬ 
namics  of  spatial  mechanisms.  In  this  thesis,  screw  theory  is  an  important  tool  for 
characterizing  the  task  to  be  performed  by  a  robotic  device.  Ball  developed  much  of 
what  is  now  known  as  screw  theory  in  1900.  providing  a  compact  notation  lor  force 
and  motion  in  space.  A  modern  review  of  screw  theory  is  given  by  Botteina  and 
Roth  (9).  In  1978.  Hunt  (10)  demonstrated  its  applications  in  kinematic  analysis 
of  complex  mechanisms.  Screw  theory  has  seen  significant  applications  in  robotics 
primarily  for  grasping  theory;  see  for  example,  the  work  of  Salisbury  and  Roth  (11) 
or  Holzmann  and  McCarthy  (12). 

In  1980,  Ohwovoriole  extended  basic  screw  theory  for  use  in  machine  assembly. 
The  1981  paper  by  Ohwovoriole  and  Roth  (13).  defines  the  concepts  of  repelling  and 
contrary  screw  pairs.  These  screw  pairs  complement  Bail  s  reciprocal  screw  pairs  in 
characterizing  contact  between  rigid  bodies.  A  repelling  screw  pair  implies  a  loss 
of  contact,  contrary  screws  refer  to  the  penetration  of  one  body  by  the  other,  and 
reciprocal  screws  are  the  case  for  maintaining  normal  contact.  Ohwovoriole  also 
introduces  a  virtual  coefficient  for  a  screw  pair  and  interprets  its  meaning  in  the 
context  of  a  fixed  bock  in  contact  with  a  moving  body. 

Another  area,  of  background  knowledge  important  to  the  understanding  ol  this 
thesis  is  actuator  design  theory.  In  particular,  hydraulic  motors  and  DC  motors 
are  considered,  since  they  are  the  most  common  types  of  actuators  in  modern  in¬ 
dustrial  robots.  Snyder  (14)  and  Groover  (15)  give  good  basic  descriptions  ol  these 


actuators  in  a  robotics  context.  Jones  (16)  provides  more  detailed  information  on 
tin'  characteristics  of  DC  motors  and  Ilannock  (IT)  clearly  explains  the  principles 
of  electric  braking.  For  a  more  comprehensive' discussion  ol  hydraulics.  Walton  (IS) 


was  a  primary  source. 


III.  Supporting  Theory 


3.1  Screw  1'h.forn 

Screw  theory  provides  a  compact  notation  for  describing  force  and  motion  in 
three-dimensional  space.  This  section  is  intended  as  a  review  of  the  components  and 
properties  of  screws.  A  more  comprehensive  discussion  is  given  in  McCarthy  (19) 
and  Hunt  (10). 

3.1.1  Screw  Description  A  screw  represents  a  line  in  space  that  has  an  asso¬ 
ciated  pitch  and  magnitude'.  A  useful  analogy  for  interpreting  the  physical  meaning 
of  the  components  is.  not  surprisingly,  a  screw.  The  centerline  ol  the  screw  represents 
the  line,  the  thread  pitch  (which  determines  the  ratio  of  linear  motion  to  angular 
motion)  represents  the  pitch,  and  the  magnitude  represents  the  angle  through  which 
the  screw  is  turned.  Six  independent  parameters  are  required  to  uniquely  define 
these  characteristics.  Thus,  a  screw  can  be  represented  by  a  six-vector  of  screw 
coordinates 

•S  =  (m  ,  S2,  •\3  ■  •S1 ,  -S.5 ,  )  (  T  1 ) 

or  more  compactly  by  two  vectors  s  and  s0  as 

5  =  (s.s0)  (3.2) 


When  the  screw  is  written  in  standard  form,  s0  is  parallel  to  s.  and  can  be  given  as 
ps,  where  p  is  the  pitch  of  the  screw.1  In  the  coordinates  given  by  equation  Tl.  the 


‘When  in  standard  form,  generally  only  four  parameters  are  used  to  describe  the  screw.  This 
is  because  the  position  of  the  screw  in  space  is  usually  obvious  from  the  problem,  and  a  point  on 
the  screw  axis  is  chosen  as  the  origin.  If  a  completely  arbitrary  origin  is  chosen,  the  two  other 
parameters  are  needed  to  specify  a  point,  in  space  that  is  on  the  screw  axis. 


and  in  the  notation  of  equation  3.2.  it  becomes 


s  •  s 

The  magnitude  of  the  screw  is  defined  as  J|sj|,  unless  ||s||  =  0.  In  this  ca.se.  the  pitch 
becomes  undefined  and  then  the  screw  is  said  to  have  infinite  pitch  and  a  magnitude 

of  j|s0||. 

3.1.2  Screw  Coordinate  Tninxformnliov  As  with  vectors,  when  specific  com 
ponents  are  assigned  to  a  screw,  a  basis  coordinate  frame  is  implied.  When  the  screw 
is  in  standard  form  (i.  e.  s0  =  ps).  then  the  origin  of  the  coordinate  frame  lies  on  t  ho 
axis  of  the  screw.  Often,  however,  it  is  more  convenient  to  describe  the  screw  in  a 
frame  that  does  not  have  its  origin  on  the  screw  axis.  Screw  coordinate  transforma¬ 
tions  provide  the  means  of  moving  the  screw  between  frames.  The  transformation 
can  be  derived  by  considering  a  non-standard  screw  and  computing  its  equivalent 
standard  form.  Suppose 

S'  =  (w,v)  (3.5) 

where  u  and  v  are  not  parallel.  To  put  the  screw  into  standard  form,  the  origin 
of  the  current  frame  must  be  displaced  by  a  vector  d,  as  shown  in  Figure  3.1.  The 
transformation  is  best  understood  when  the  components  w,v  are  thought  of  as  the 
angular  velocity  and  linear  velocity  of  a  point  on  a  rigid  body,  ['hen  it  is  clear  that 
the  displacement  d  does  not  affect,  the  angular  rotation  and 

s  =  u>  (3.6) 

The  linear  velocity  is  changed  by  the  displacement  and  becomes 

s0  =  v  +  u;  x  d  (3.7) 
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Figure  3. J.  Screw  Coordinate  Transformation 


Standard  form  requires  s0  =  ps  —  pu>,  so  d  is  found  by  solving 

pu>  =  v+wxd 


(3.8) 


Cross  multiplying  both  sides  by  u>.  we  can  solve  for  d.  and  the  result  is 


u>  ■  u> 

Note  that  the  transformation  does  not  change  any  of  the  defining  characteristics  of 
the  screw.  The  direction  and  magnitude  of  the  screw  are  given  by  the  direction  of 
u>,  arid  the  pitch  is  also  unchanged  as  shown  below. 


P(S) 


s  ■  s0 
s  ■  s 

uj  ■  (v  +  uj  x  d) 


u>  ■  u> 


LJ  ■  V 


CJ  -  lx? 
=  /»(>■') 


l  or  a  transformation  from  the  standard  form  to  a  new  frame  displaced  by  — d. 
equation  3.7  is  reversed,  giving 

v  =  s0-w  x  d  (3.10) 

If  the  displacement  is  defined  r  =  (—  d),  then  the  transformation  is 

v  =  so+u;  x  r  (3. 1 1 ) 


and 


oj  =  s 


3.1.3  Screw  Operations  A  useful  property  of  screws  is  t  hat  t  hey  can  be  added 
vectorially.  For  two  screws  S\  =  (sj,s0i)  and  S>  =  (s2.So2)  the  result  of  adding  S\ 
and  S2  is 

S  =  ,S]  +  S-2  =  (sj  4-  s2.s()]  +  S02 )  (3.13) 

This  can  also  be  expressed  in  terms  of  the  screw  coordinates,  but  it  is  then  impor¬ 
tant  that  the  screws  be  given  in  the  same  frame.  If  necessary,  one  screw  must  be 
transformed  by  the  procedure  described  in  Section  3.1.2  before  the  addit  ion  can  be 
done. 

Another  frequently  used  screw  operation  is  the  reciprocal  product  of  screws  (13) 
(12).  It.  is  denoted  by  the  “o”  operator,  and  is  defined  for  the  two  screws  A, ,  S2  as 

5]  o  S2  —  Sj  •  S02  T  s2  •  Sqi  (3. 14) 
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When  two  screws  are  writ len  in  standard  form,  this  product  can  also  he  expressed 
in  terms  of  the  geometric  relationship  of  t  he  screws,  (liven  two  standard  screws 
in  space,  there  is  a  distance.  (I,  along  a  mutually  ort liogonal  line,  and  a  separation 
angle  0.  about  this  line,  as  shown  in  Insure  3.2.  In  order  to  perform  the  reciprocal 


Figure  3.2.  Relative  orientation  of  two  screws. 


product,  they  must  Ire  transformed  to  a  common  point  ('.  as  shown  in  Figure'  3.3. 

Then  they  become 

■hj  =  (Si,Si  xdi+piSi) 

•h-2  =  (S2,  S2  X  d2+P2S2) 

The  reciprocal  product  is 

r  =  5,  o  5.2  =  Sj  •  ( s2  x  d2  +/r2S2 )  +  s2  ■  (si  x  di-fpiSj) 

=  |! s 1 1| || s2 11  (/>,  +  Pi)  cos  0  -f  (sj  •  (s2  x  d2)  +  s2  •  (si  x  dj )) 

=  ||sl  ||  lis2  II  (pl  +  Pi  )  cos  0  -f  Sj  •  ((s2  xd2)  +  (d!  XS2)) 

=  ||sj  I!|js2)|(/,J  -f  p2)  cos  ^  +  Sj-(s2x(d2  —  dj)) 


=  ||si||||s2||(pi  +  pi)  cos  6  +  (d2  -  di)  x  (Sj  x  s2) 

Noting  that  the  mutually  orthogonal  line  is  along  the  unit  vector  (si  x  s2)/||sj  x  s2|| 
and  that  the  second  term  is  the  projection  of  the  vector  d2  —  d ,  onto  this  line,  r  can 
be  written  as 

r  =  || Si ||||s2||((/>i  +p2)cos0  -  ds\nO)  (3.15) 

Equation  3.15  is  equivalent  to  equation  3.14  and  can  be  used  when  two  standard 
screws  are  given  by  their  pitch  and  magnitude  rather  than  by  their  screw  coordinates. 
The  factor  (p\  -f  p2 )  cos  0  —  <1  sin  0  contains  the  information  concerning  the  relative 
orientation  of  the  two  screws  and  is  named  the  virtual  coefficient  by  Olnvovoriole 
(13). 

The  reciprocal  product  and  virtual  coefficient  will  be  used  in  chapter  IV  to 
help  determine  task  type  and  output  power. 
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3.1./,  Twists  and  \Ynnch<s  Two  special  screws  are  used  to  describe  the  dy¬ 
namics  of  rigid  bodies.  These  screws  are  the  twist  and  the  wrench. 

The  twist  of  a  rigid  body  represents  its  instantaneous  motion.  The  standard 
form  is  written 

t  =  (u>.  i>,u j)  (:U(i) 

and  describes  the  motion  in  terms  of  angular  velocity  about  the  twist  axis  and  a 
linear  velocity  along  the  axis.  In  standard  form  the  twist  directly  describes  the 
motion  of  all  points  in  the  body  that  lie  on  the  twist  axis.  In  order  to  describe  the 
motion  of  other  points  in  the  body  a  screw  coordinate  transformation  must  be  done. 
Note  that  the  twist  magnitude  and  direction  remain  unchanged  for  all  points  in  the 
rigid  body,  so  that  the  angular  velocity  is  constant  throughout  the  body. 

The  wrench  uniquely  defines  the  sum  of  all  external  forces  and  moments  on  the 
body.  It  represents  an  axis  where  the  forces  and  moments  are  aligned  and  is  written 

w  =  (f,/vf)  (3.17) 

Like  the  twist,  the  wrench  can  be  applied  to  any  point  in  space,  on  or  off  the  body, 
by  the  use  of  the  screw  coordinate  transformation.  This  is  particularly  useful,  since 
the  wrench  may  not  intersect  the  physical  boundaries  of  the  body  when  written  in 
standard  form.  Notice  that  the  direction  of  the  screw  axis  is  independent  of  the 
point  at  which  the  wrench  is  described. 

3.2  Actuator  Theory 

Any  analysis  of  power  use  in  robotic  devices  must  eventually  lead  to  the  analysis 
of  the  device’s  actuators.  This  thesis  considers  the  two  most  common  actuators 
in  robotics — DC  motors  and  hydraulic  actuators.  The  discussion  of  DC  motors  is 
based  on  material  found  in  Jones  (16)  and  Hannock  (17),  and  the  primary  source  of 
information  on  hydraulic  actuators  was  Wat  ton  (18). 
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3.2.1  DC  Molars  Robotic  actuators  must  be  able  to  easily  control  speed  or 
torque.  DC  servo-motors  are  well  known  lor  their  ability  to  provide  this  type  of  con¬ 
trollability.  This  section  provides  the  governing,  equal ions  and  torque-speed  analysis 
lor  a  highly  idealized  DC  motor.  Three  assmnpt  ions  are  made  in  t  his  analysis.  First . 
only  steady-state  characteristics  are  considered,  eliminating  terms  lor  inductance  and 
armature  inertia.  Second,  inefficiencies  due  to  friction,  windage,  and  core- losses  are 
ignored.  Finally,  the  armature  flux  is  assumed  to  be  constant,  as  in  the  case  of  a 
permanent  magnet,  motor. 

With  these  restrictions,  the  voltage  equation  is 

V  =  R  i  „  +  Li- vc  (T1S) 

where  V  is  the  applied  voltage,  /„  is  the  armature  current.  R  is  the  circuit  resistance. 
ul>  is  the  motor  speed,  and  Ice  is  the  motor  counter-electromotive  force  constant.  This 
is  often  termed  the  classical  motor  equation. 

The  torque  developed  under  the  given  assumptions  is 

T  =  C/y,  (3.19) 

in  which  T  is  generated  torque  and  kj  is  the  motor  torque  constant-  Combining 
equations  3.18  and  3.19,  current  can  be  eliminated,  providing  the  relation 

V  =  ——7  +  kfruj  (3.30) 

A'x 


or 


This  important  ecpiation  leads  to  a  useful  plot  in  power  analysis,  the  torque-speed 
plot.  Figure  3.4  shows  how  the  torque  and  motor  speed  of  equation  (3.21 )  are  related 
for  constant  levels  of  control  voltage. 


Figure  3.-1.  1’orque- velocity  t  urves  lor  constant  voltage  in  a  l)('  motor. 

The  last  equation  relevant  to  this  discussion  is  the  power  equation.  Motor 
input,  power  is  the  product,  of  the  voltage  and  current  in  the  circuit  and  therefore 
can  be  derived  from  equations  3.  IS  and  3.19: 

r  =  Vi  „  =  -j^T2  +  ^7'u.'  (3.22) 

An  examination  of  this  equation  reveals  several  noteworthy  points.  First,  it  shows 
that  even  when  the  motor  is  running  at  u?  —  0,  or  ‘'stall'  speed,  the  power  is  not 
zero  lor  a  non-zero  torque  requirement.  Next,  consider  the  case  of  a  DC  motor  called 
upon  to  provide  a  negative  torque  while  running  at  a  positive  speed.  1'his  condition 
is  known  as  ‘‘electric  braking."  liquation  3.22  shows  that  it  can  result  in  an  input 
power  that  is  positive,  negative  or  zero.  There  are  three  ty  pes  of  electric  braking: 

1.  Regenerative  braking  -  In  this  method,  the  DC  motor  is  driven  backwards,  and 
becomes,  in  effect,  a  DC  generator.  Mechanical  energy  can  be  converted  into 
electrical  power  and  returned  to  t  he  supply. 
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2.  Dynamic  braking  I  he  motor  arts  as  a  generator  m  tins  <  onligm  at  ion  also. 
I >n t  the  genera! «'<1  power  M  dissipated  across  a  braking.  resistor,  rather  than 
returned  to  supply.  Mils  method  is  inelln  lent  by  design.  and  also  requires  a 
sensin'!;  and  switching  mechanism,  it  will  not  lie  lint  her  considered  m  this 
I  hesi.s. 

3.  Reverse-current  In  akinu  -  Also  known  as  ”|»lni>t»i  ns^  .  this  method  reverses  the 
current  ilow  in  the  motor  drawing  power  Irom  supply  to  provide  the  recpiired 
t ore | ue.  1  Ins  j rower  and  the  mechanical  power  are  event naliv  dissipated  as  heat . 
While  plugging  is  the  most  inel  Indent  mode  ol  elect  tic  lira  king,  i  I  the  mot  or 
to  In'  completely  IlexiMe  in  its  ability  to  control  speed  and  torque,  then  this 
type  ol  braking  cannot  always  lie  avoided  (i.e..  il  one  wishes  to  operate  the 
motoi  o\er  t  lie  cut  ire  t  ore  pie- speed  plot .  then  somet  lines  it  will  have  to  ping). 

It  can  lie  seen  in  Figure  3.1  that  the  hum  of  electric  braking  depends  on  the  in 
stantaneous  location  on  the  torque-speed  plot.  1  lie  dividing  line  is  the  line  ol  zero 
voltage.  In  quadrant  II.  when  above  this  line,  the  motor  regenerates.  When  below, 
the  motor  is  plugging.  The  relation  is  flipped  in  quadrant  l\  .  Obviously,  the  power 
is  always  positive  when  operating  in  quadrants  I  and  III.  I'he  ratio  ol  constants. 
/?/ ( A/.; A"/  ).  determines  how  much  time  is  spent  regenerating  and  how  much  is  spent 
plugging.  Since  regeneration  obviously  provides  better  energy  elliciency.  one  would 
imagine  that  the  best  motor  design  would  be  one  where  this  ratio  is  very  small.  I’n- 
fortnnately.  this  results  in  poor  controllability.  To  see  this,  imagine  that  tin*  slope  is 
near  zero.  Then  for  a  constant  control  voltage,  a  small  change  in  speed  would  result 
in  a  huge  change  in  torque,  typical  servomotors  have  a  slope  near  negative  one. 

.2.2  Hydraulic  Actuators  Hydraulic  actuators  also  find  wide  use  in  robotics 
as  a  result  of  their  many  desirable  features.  They  can  be  made  as  either  rotary  or 
prismatic  (linear)  actuators,  and  have  excellent  accuracy,  frequency  response,  speed 
range,  and  power- to- weight  ratio.  I  hey  can  also  be  operated  at  stall  indefinitely 
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without  damage  (II).  I  lus  section  reviews  I  lie  basic  theory  ol  an  ideal  hvdraiihc 


actuator  coupled  with  a  typical  hvdiauh«  servovalve,  as  shown  in  figure 


Figure  •5.').  Hydraulic  actuator  system  piston  <V  spool  valve  combination. 


Several  assumptions  are  made  in  this  discussion  of  an  ideal  hydraulic  system. 
First .  t  he  fluid  in  the  system  is  considered  to  be  incompressible,  and  t  he  st  met  tire  of 
the  system  is  assumed  to  be  rigid,  so  that  the  volumetric  How  rate*  into  any  section 
ol  the  flow  must  equal  the  (low  rate  out  ol  the  section.  I  his  is  a  good  assumption 
in  general,  and  is  often  made  even  in  much  more  rigorous  analyses  of  hydraulics. 
Second,  we  assume  that  there  are  no  How  losses  from  external  leakage  or  cross- 
port.  leakage  within  the  actuator  err  valve.  I  his  is  generally  adequate  for  a  high  level 
analysis,  and  it  will  serve'  for  the  purpose  ol  illustrating  the  potential  advantages  and 
disadvantage's  of  hydraulic  actuators.  It  is  important  to  note,  however,  that  leakage 
due  to  underlapping'  is  often  desirable  in  many  servovalves,  as  it  improves  t  lie  rout  rol 
characteristics  ol  the  svst.em.  Nevertheless,  its  effects  on  the  overall  efficiency  of  the 


■In  hydraulics,  an  midi  rlapped  spool  valve  is  one  where  the  width  of  the  ports  is  greater  (hail 
the  width  of  the  spool  ends,  which  allows  some  (low  to  get  to  the  actuator  even  when  i •  =  (1. 
When  the  width  of  the  spool  ends  are  exactly  equal  to  the  width  of  the  ports,  the  valve  is  called 
critically  lapped,  and  when  the  spool  ends  are  wider  than  the  actuator  ports,  the  valve  is  said  to 
he  overlapped 


system  '  ill  be  considered  negligible  for  our  purposes,  finally.  the  torque  losses  due 
to  friction  will  be  ignored.  This  includes  viscous  friction  ul  the  lluid  How.  coulomb 
friction  of  the  machine  parts,  and  a  collection  ol  nonlinear  friction  components,  due 
to  hydrodynamic,  hydrostatic,  and  station  losses.  These  forces  do  not  change  the 
dominant  characteristics  that  are  ol  interest  in  this  initial  study  of  power  use  in 
rol  >ot ics. 

Referring  again  to  the  system  in  Figured.  5.  the  ideal  piston  actuator  is  modeled 
by  a  force'  equation  and  a.  velocity  equation: 

P  =  (Pi-P>),\  (d.2d) 


O  =  .  Ir 


(d.L>4) 


where  /*’  is  the  force1  applied  by  the  piston.  l\  and  l\  are  the  pressures  in  the  piston, 
A  is  the  cross-sectional  area  of  the  piston,  0  is  the  volumetric  flow  rate  of  the  fluid 
in  the  piston,  and  v  is  the  velocity  of  the  piston.  The  flow  rate,  Q,  is  determined 
bv  the  position  of  the  spool  in  the  valve  and  the  pressure  difference  across  the  flow 
restriction.  For  flow  into  the  actuator  through  the  upper  right  port,  the  rate  is  given 


Q 1  =  C„wx\ 


x  >  0 


(d.2b) 


which  is  a  form  of  Bernoulli's  pressure/ flow  equation.  In  the  equation,  C,,  is  the  flow 
coefficient,  v:  is  the  port  width,  x  is  the  spool  position,  and  />  is  the  fluid  density.  A 
similar  equation  can  be  written  for  the  flow  out  of  the  actuator. 


Qi  =  Cqwx\ 


!2{PS- pa 


X  >  0 


Then,  since  it  is  assumed  that  there  is  no  fluid  leakage  or  compression.  Q  =  Q\  — 
Q2 ■  If  the  drain  pressure  is  negligible,  combining  equat  ions  d.2b  and  d.2(>  gives  t  he 


relat  ions, 


P.v  -  P,  = 


=  Pl+P-2 


If  the  load  pressure,  P/, ,  is  defined  by: 


(•5.27) 


Pi.  =  Pi  -  Pi 


(•'5.29 ) 


P2  =  ^  [(P,  +  P2)  -  (Pi  -  P2)]  =  ^(Ps  -  P/P 


and  t  he  flow  speed  t  hen  becomes 


Q  =  Cqwx,\ 


'Ps  -  K 


Using  ecpiations  3.23  and  3.24,  the  following  relation  between  actuator  velocity  and 
actuator  force  was  developed 

Cqwx  I  P 

V=t^VS~A 

Figure  3.6  shows  the  force-velocity  curves  for  constant  r.  When  linearized,  these 
plots  are  somewhat  analogous  to  the  DC  motor  torque-speed  plot,  where  .r  has  the 
same  function  as  the  control  voltage.  However,  the  large  variation  in  operat  ing  speed 
and  force  for  most  robotics  applications  generally  prohibits  the  use  of  the  linearized 
equation.  An  important  contrast  between  the  hydraulic  actuator  and  the  DC  motor 
is  in  their  operation  in  the  second  and  fourth  quadrants  of  the  force  -  velocity  plots. 
For  DC  motors,  this  is  the  regime  of  “electric  braking”  and  power  can  be  either 
consumed  r  generated.  However,  the  hydraulic  actuator  always  consumes  power 
when  in  these  quadrants.  In  a  sense,  it  is  “plugging”  over  the  entire  second  and 


fourth  quadrants.  Although  the  force- velocity  plots  are  similar,  the  expression  lor 


hydraulic  input  power  is  quite  different.  rfhe  power  is  the  product  of  the  pressure 
and  flow  rate  supplied  to  the  servovalve  by  a  pump  or  reservoir.  In  typical  systems, 
the  supply  pressure  is  constant,  and  the  flow  speed  varies  with  the  load  requirements. 
For  the  ideal  actuator/valve  combination,  the  device  input  power  is 


DP  =  PSQ 


Before  writing  this  in  terms  of  the  actuator  velocity,  consider  again  the  case  of  a 
negative  force  with  positive  speed.  From  Figure  3.6,  it  is  evident  that,  this  condition 
implies  x  >  0.  Examining  Figure  3.5,  one  finds  that  x  >  0  exposes  the  left  side  of 
the  piston  to  the  drain  port,  so  no  flow  returns  to  the  supply.  In  fact,  the  flow  is 
still  positive  out  of  the  supply.  Even  though  the  output  power  is  negative,  the  input 
power  is  still  positive.  The  same  can  be  seen  for  positive  force  and  negative  speed. 
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Therefore,  the  device  power  is  given  by 


nr  =  l>sA\c\  (:{.:{ I ) 

From  this  equation,  it  is  apparent  that  when  the  velocity  is  zero,  the  ideal  actuator 
can  exert  a  force  without  using  any  power.  However,  there  is  also  no  control  over 
the  amount  of  force  exerted,  as  the  generated  force  is  a  static  reaction  force. 


3.3  Manipulator  Jacobian 

In  robotics  literature,  the  manipulator  .Jacobian.  J .  is  well  known  as  the  matrix 
that  maps  joint  velocities  to  end-effector  velocity.  The  Jacobian  can  also  be  used 
to  relate  joint,  torques  to  end-effector  forces  for  a  quasi-static  case.  Quasi-static  is 
defined  in  this  context  as  motion  that  is  slow  enough  that  dynamic  terms  are  not 
significant  in  the  true  torque  equations. 

3.3.1  Velocity  Relationship  The  Jacobian  is  defined  by  the  equation 


in  which  x  is  the  vector  describing  the  end-effector  velocity  and  9  is  the  vector 
containing  the  velocity  of  each  joint.  The  elements  of  the  Jacobian  are  just  the 
partial  derivatives  of  the  end-effector  position  components  with  respect  to  the  joint 
angles.  For  example,  element  (1,  1)  of  the  Jacobian  is 


In  general,  J  =  J{0),  so  that  the  Jacobian  varies  over  the  manipulator  workspace. 
Often  the  end-effector  velocity  is  known  (or  its  desired  velocity  is  known),  and  the 
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joint  velocities  must  bo  solved  lor  by  inverting  the  Jacobian  matrix: 


0  =  J-'x  (3.37) 

When  t  he  inverse  does  not  exist  (for  a  square  .1 ).  it  is  said  to  be  a  singularity  point  of 
the  workspace.  When  the  Jacobian  is  not  square,  as  is  the  case  when  the  manipulator 
has  kinematic  redundancy  (see  Figure  3.7).  then  the  general  solution  for  the  joint 


Figure  3.7.  A  kinematically  redundant  arm  can  reach  t  he  same  position  with  many 
joint  configurations. 

velocities  is  given  by 

0  =  J*x+(I-J*J)  z  (3.38) 

where  denotes  the  pseudoinverse  (Moore- Penrose  Generalized  Inverse)  of  .7  and 
z  is  an  arbitrary  vector.  Note  that  multiplying  a  vector  by  (/  -  .]*.))  is  equivalent 
to  projecting  the  vector  onto  the  null  space  of  ./,  so  any  component  of  8  created  by 
the  second  term  does  not  map  into  end-effector  velocity  space.  T  he  first  term,  ./*x, 
provides  the  minimum  norm  solution  for  0,  but  the  choice  of  the  z  vector  can  be 

3-16 


used  when  alternate  kinematic  structures  air  desired  lor  other  reasons,  such  as  task 
priori! v  or  singularity  avoidance  (N). 

3  Tan/ m  lit Idlioiisluj)  The  torque  relationship  for  an  open  chain  mecha¬ 
nism  is  derived  from  the  Jacobian  definition,  equation  3.35.  and  from  the  principle 
of  virtual  work  (21).  For  closed  chains,  there  exists  the  possibility  of  actuator  re¬ 
dundancy,  which  can  provide  an  infinite  number  of  solutions  for  the  joint  torques. 

3.  3.  2. 1  Ope  11-Loop  Relationship  Consider  a  lorce  applied  to  the  end  ol 
a  two-link  serial  arm  as  in  Figure  3.8.  If  the  end  undergoes  a  virtual  displacement 
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Figure  3.8.  Virtual  Displacement. 


bx,  then  the  corresponding  displacement,  of  the  joints  is  b6.  which  is  related  to  bx 
by  equation  3.35,  or 

bx  =  .)b9  (3.39) 

The  total  work  done  by  the  system  is  the  sum  of  the  work  done  by  the  external  force 
and  the  torque  in  the  joints, 


mi  j 


Mr  =  fJrtjbe  +  Trt>e 
HF  =  (f l,J  +  Tr)*B  (•>•  I  -  1 


Sincr  no  real  work  is  done,  Ml  =  0  and  since  this  must  hold  for  all  virtual  displace¬ 
ments.  including  bB  /  0.  then 


0  =  f ZtJ  +  rT  (3.43) 

tt  =  -f l,J  (3.44) 

r  =  -J7  Uxi  (3. 43) 

l  sing  the  assumed  equilibrium  condition  of  the  system,  the  force  applied  by  the 
manipulator  must  be  equal  and  opposite  to  the  external  force,  or  f  =  — f trt.  Then 
the  force  applied  by  the  end-effector  is  related  to  the  torque  of  the  joints  by 

r  =  Jrf  (3.46) 


3.S.2.2  Actuator  Redundancy  For  opendoop  mechanisms,  all  of  the 
joints  must  be  actuated  in  order  to  control  the  position  of  the  end  effector.  However, 
for  closed-loop  devices,  actuation  of  all  the  joints  is  seldom  necessary.  When  more 
joints  are  actuated  than  is  necessary  for  control,  the  mechanism  is  said  to  have 
actuator  redundancy.  Another  means  by  which  actuator  redundancy  can  occur  is 
when  an  open  loop  mechanism  makes  contact  with  the  environment.  In  this  instance, 
kinematic  freedom  may  be  lost,  but  actuator  freedom  may  be  gained.  Figure  3.9 
shows  a  four-bar  mechanism  with  actuation  at  two  joints.  It  is  well  known  that  the 
four-bar  mechanism  only  requires  one  actuated  joint  to  be  completely  controllable. 
Therefore  the  mechanism  shown  has  one  redundant  actuator.  The  goal  is  to  express 
the  actuator  torques  of  the  closed  loop  mechanism  in  terms  of  the  torques  required 
of  an  open  loop  mechanism,  which  can  be  found  by  equation  3.40.  One  method  for 
dealing  with  actuator  redundancy  is  given  by  Nakamura  in  (8). 
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First,  imagine  the  mechanism  is  cut  at.  joint  4.  For  the  new  mechanism  to  he 
controllable,  joint  3  must  be  actuated,  so  it  is  given  a  virtual  actuator.  The  vector 
of  joint  angles,  6  =  can  be  divided  into  actuated  angles  6i  -  and 

virtually  actuated  angles  d2  =  {#3}-  Now  02  can  be  written  as  a  function  of  01. 


0-i  -  7T  +  0] 


(3.17) 


Then  the  joint,  velocities  0  can  be  written 


e  =  G0i 


(3.48) 


where 


a 


1 

S02 

W,  J 


1  0 
0  1 
1  0 


(3.49) 


Now  express  the  actuated  joints  in  terms  of  a  basis  set  ol  these  joints,  #10,  whe 


re 


9\  =  S6 


10 


(3.30) 
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For  this  example,  0io  =  {^1}  is  a  basis  set.  and 


.S' 


(3.51) 


since  fl2  =  2ir  —  6\.  Then  using  virtual  work.  Nakamura  shows  that. 


Stt„  =  StCtt 


(3..V2) 


where  r„  is  the  vector  of  actuated  joint  torc)ues  and  r  is  the  vector  of  open  loop 
torques,  including  virtual  torques.  The  general  solution  to  3.52  is 

t a  =  (Sr)*STCrr  +  ( /  -  (.S'r)#.s'r)y  (3.53) 

in  which  y  is  an  arbitrary  vector.  Using  a  property  of  pseudoinverses,  [SS*)1  = 
SS the  equation  can  be  written 

T a  =  SS*Grr  +  (I~  SS *  )y  (3.54 ) 


Then  the  vector  of  open  loop  torques,  r,  can  ire  writ  ten  in  terms  of  the  force  applied 
by  the  mechanism  bv  using  the  .Jacobian  of  the  virtual  open-loop  mechanism. 

r  =  ./Jf  (3.55) 


Now  the  equation  becomes 


r„  =  SS*GTjJf  +  (  /  -  SS*) y 


This  provides  an  expression  for  torque  similar  to  the  expression  for  velocity  in  the 
kinematically  redundant  case.  The  first  term  will  counteract  external  forces  while 
the  second,  arbitrary,  term  allows  one  to  vary  the  internal  torque  distribution  in  the 
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mechanism.  The  usefulness  of  actuator  redundancy  will  be  studied  in  greater  detail 
in  chapters  IV  and  V. 


IV.  Power  Analysis 


J,.l  Task  Definition 

I  he  description  of  all  possible  tasks  for  a  robotic  device  in  three-dimensional 
spare  is  very  complex.  However,  011  an  instantaneous  basis,  the  task  can  always  be 
described  by  the  twist  of  the  end-effector  or  tool  and  the  wrench  applied  by  the  tool 
to  the'  environment.  For  example,  consider  a  grinding  tool  on  a  curved  surface,  as 
in  f  igure  4.1.  The  task  is  defined  instantaneously  by  the  twist  (uuv)  and  wrench 
(f.  m)  of  the  tool.  These  are  often  initially  known  (by  measurement  or  estimation)  at 
different  points  on  the  body-  the  figure  shows  the  wrench  at  point  P  and  the  twist 
at  point  C.  As  shown  in  chapter  III.  the  two  screws  can  lx*  written  at  a  common 
point.  For  this  example,  the  point  C  can  be  defined  as  the  tool  center  point  (TCP), 
and  at  the  TCP  the  twist  and  wrench  would  be  (u>,v)  and  (f,  (p  —  c)  x  f  +  m), 
respectively.  Hereafter,  we  define  task  to  mean  the  twist  t  =  ( uj.vrcp )  and  wrench 
w  =  (f.mTCp)  at  the  TCP. 

The  task  can  be  further  characterized  by  the  relative  magnitude  and  orientation 
of  the  twist  and  wrench.  All  tasks  can  be  divided  into  three1  task  types:  kinetic, 
reactive,  and  manipulative.  These  types  are  somewhat  arbitrary,  but  some  general 
guidelines  for  planar  tasks  are: 

•  A  kinetic  task  is  one  where  the  twist  and  wrench  screw  axes  are  parallel  and 
their  magnitudes  are  of  the  same  order. 

•  A  reactive  task  is  defined  by  perpendicular  twist  and  wrench  axes  and  a  wrench 
magnitude  much  greater  than  the  twist  magnitude. 

•  A  manipulative  task  is  defined  as  a  task  where  the  twist  and  wrench  axes 
are  perpendicular  and  the  twist  magnitude  is  much  greater  than  the  wrench 
magnitude. 


Figures  4.2  --  4.4  illustrate  these  task  types.  Most  real  tasks  will  be  a  combination 
of  these  task  types,  but  can  be  referred  to  by  the  type  that  they  most  closely  re¬ 
semble.  For  example,  a  task  that  is  dominated  by  the  motion  of  the  end-effector 
may  have  a  wrench  component,  parallel  to  the  twist,  but  still  would  be  considered 
a  manipulative  task  for  the  purpose  of  selecting  an  appropriate  metric  to  measure 
task  accomplishment. 

For  completely  general  spatial  tasks,  the  task  type  is  harder  to  distinguish.  One 
indicator  of  task  type  is  the  virtual  coefficient,  of  the  twist  and  wrench,  described  in 
chapter  III.  For  a  task  defined  by  twist  t  =  (cu.p, u)  and  wrench  w  =  (f ./>„./).  ♦•he 
virtual  coefficient  is 

vc  =  (p(  +  p,„ )  cos  0  —  (I.  sin  0  (4.1) 

A  kinetic  task  is  defined  by  |nc|  0,  while  |ccj  «  0  is  characteristic  of  reactive 
and  manipulative  tasks.  In  the  latter  case,  the  task  screw  magnitudes  are  used 
to  distinguish  between  reactive  and  manipulative  task  types.  When  the  wrench 
magnitude  dominates  the  twist  magnitude,  the  task  is  mostly  reactive,  and  when 
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Figure  4.1.  Reactive  Task  Example  (Holding  a  load  in  a  gravity  field). 

the  twist  magnitude  is  largest,  the  task  is  mostly  manipulative.  A  more  precise 
definition  is  not.  necessary,  since  the  task  type  is  only  important  in  selecting  an 
appropriate  metric,  and  for  marginal  cases  one'  can  simply  apply  more  than  one 
metric  and  choose  the  most  appropriate  result. 

J,.2  Power  A  nalysis 

The  power  efficiency  of  a  task  is  generally  writ  ten  in  one  of  t  ho  following  forms: 

Power  Out  Power  Out  Power  In  -  Fosses 

T]  =  -  =  — - — - - - —  - — - — - -  (  I .  L* ) 

Power  In  Power  Out  F  Fosse's  Power  In 

Each  of  these  elements  is  examined  in  the  context  ol  a  task  and  robotic  device,  and 
where  possible,  and  expression  for  the  power  in  terms  of  the’  task  screws  is  derived. 

4.2.1  Output  Power  Power  is  defined  as  the  rate'  at  whic  h  work  is  done. 
Mechanical  work  is  generally  defined  as  the  product  of  a  force’  and  the  distance' 
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over  which  the  force  acts.  Using  this  definition,  ii  the  force  is  constant,  power  is 
the  product,  of  the  force  and  the  velocity.  W  hen  given  the  twist  and  wrench  of  a 
robot  end  effector,  the  calculation  ol  its  output  power  is  a  straightforward  process  of 
applying  the  screw  reciprocal  product,  lor  the  task  t  =  (a/.  vrr/, )  .  w  =  (f.  ni/r/J). 
the  reciprocal  product  is 

Power  Out  =  w  o  t  =  f  ■  v-/y/>  T  u>  ■  m jcr  (1.4) 

Obviously,  the  vector  dot  product  ol  tone  and  linear  velocity  summed  with  the  dot 
product  of  the  moment  and  angular  velocity  captures  all  ol  the  real  power  delivered 
by  the  device  to  the  environment.  This  expression  is  useful  in  that  no  device  specific 
information  is  considered— -the  output  power  depends  only  on  the  given  task. 

This  definition  is  satisfactory  for  many  important  tasks,  such  as  lifting  an 
object  in  a  gravity  field,  or  sliding  an  object  across  a  rough  surface.  However,  the 
function  of  a  machine  does  not  always  produce  an  out  put  which  can  be  measured  in 
terms  of  real  power.  Consider  the  task  of  moving  an  object  horizontally  in  a  gravity 
field,  as  shown  in  Figure  4.5.  For  this  case,  the  real  power  out  is  zero,  which  would 
lead  typical  efficiency  metrics  to  calculate  a  zero  efficiency  in  completing  the  task. 
Yet  the  input  power  is  not  wasted,  since  a  useful  job  was  done.  The  power  provided 
to  the  actuators  to  counter  gravity  is  termed  "reactive"  power  and  depends  on  the 
actuator  type  and  the  geometry  of  the  mechanism.  This  example  demonstrates  that 
the  output  quantity  used  in  an  efficiency  metric  need  not  be  real  power,  but  may  be 
whatever  quantity  one  considers  to  be  “useful." 

4-2.2  Power  Losses  Power  losses  are  most  often  attributed  to  nonconserva¬ 
tive  processes  such  as  friction,  motor  windage,  transmission  backlash,  etc.  1  liese 
types  of  inefficiencies  are  well  modeled  (if  not.  always  well-understood)  through  the 
use  of  experimental  evidence,  and  are  more  appropriately  the  domain  ol  t  ho  actuator 
engineer.  This  paper  assumes  nearly  ideal  actuators  in  order  to  highlight  two  other 


Figure  1.5.  Transport  Task. 


types  of  losses  peculiar  to  robot-like  mechanisms.  These  losses  are  the  result  of  1) 
actuators  working  against  each  other;  and  2)  actuators  working  against  a  stationary 
environment. 

The  first  loss  has  been  described  as  “hackwork"  (3)  or  “geometric  work"  (  1). 
An  illustration  of  how  actuators  can  work  against  each  other  is  given  in  Figure  I .(>. 
The  task  is  lifting  an  end  load  in  a  gravity  field  by  a  two-link  serial  arm.  lo  produce 
a  change  in  height  of  A?/,  the  actuators  must  move  the  joints  through  incremental 
displacements  of  A/?,  and  A02-  If  the  result  of  each  of  these  displacements  is  exam¬ 
ined  serially,  instead  of  simultaneously,  it  is  seen  that  A#i  carries  the  load  above  the 
required  height,  while  AO2  lowers  the  load  to  correct  the  deviation.  T  his  indicates 
that  the  first  change  requires  power  exceeding  the  output  power,  and  the  second 
change  produces  power  equivalent  to  the  excess  needed  in  the  first  change.  However, 
if  the  actuators  require  positive  power  to  drive  both  rotations,  the  sum  of  the  actu¬ 
ator  power  would  exceed  the  real  output  power.  The  difference  between  the  input 
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and  output  is  termed  geometric  power.  Geometric  power  is  a  loss  that  depends  on 
the  configuration  of  the  device,  actuator  type,  and  the  assigned  task. 

The  second  loss  is  described  as  the  effect  of  working  against  a  stationary  envi¬ 
ronment.  Suppose  the  task  is  erasing  a  blackboard,  as  shown  in  Figure  4.7.  While 
actuator  power  is  required  to  overcome  friction  in  moving  the  eraser  across  the  board, 
power  is  also  used  in  pressing  the  eraser  against  the  surface.  The  power  used  to  gen¬ 
erate  this  normal  force  is  termed  "reactive’’  power.  Beyond  a  required  minimum, 
the  normal  force  is  unnecessary  for  task  accomplishment,  and  hence  the  reactive 
power  is  wasted.  Note  that  this  is  the  same  type  of  power  referred  to  in  section  4.2.1 
as  an  alternate  output  power.  In  fact,  whether  reactive  power  is  a  loss  is  entirely 
dependent  upon  the  task  designer's  point  of  view.  Like  geometric  power,  reactive 
power  loss  is  also  dependent  on  both  the  device  configuration  and  the  task. 

4.2.3  Input  Power  The  subtle  nature  of  the  geometric  and  reactive  losses 
makes  it  difficult,  to  provide  an  expression  for  them  directly.  Therefore  the  best 
approach  is  to  add  together  the  power  required  by  each  actuator  to  create  the  total 
input  power  or  “device”  power.  Then  the  device  power  can  be  expressed  in  terms  of 
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Figure  1.7.  Frasing  a  Blackboard. 


the  task  and  efficiency  can  be  found  as  the  ratio  of  power  output  (or  other  quantity) 
to  power  input,  bypassing  the  need  for  the  direct  formulation  of  the  losses. 

Using  this  approach,  an  equation  for  device  power  of  a  robot  with  v  actuators 
is 

DP  =  ir  DP,  (4.4) 

i~  I 

where  DP \  is  the  input  power  of  the  >th  actuator.  For  now,  assume  that  DP,  is 
a  known  function  of  the  torque  and  velocity  required  of  the  actuator,  or  DP,  = 
DP,(Tj,0,).  Then  if  torque  and  velocity  vectors  are  defined  by 

t  -  ( r, .  ~i . r,) 

e  = 

then  the  total  device  power  becomes  a  function  of  these  vectors,  DP  =  DP(t,6). 
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Now  the  description  of  device  power  in  terms  of  the  original  task  twist,  t. 
and  wrench,  w.  can  Ire  derived  by  transforming  the  vectors  from  joint  space  to 
task  space.  1  his  is  done  through  the  use  of  t lie  manipulator  .Jacobian,  as  shown  in 
section  3.3.  Kquation  3.35  can  be  used  to  relate  6  to  t.  However,  since  the  standard 
.Jacobian  in  robotics  literature  gives  rotational  information  in  the  bottom  three  rows, 
and  the  standard  twist  has  the  angular  velocity  as  the  first  three  components,  a 
transformation  matrix,  T,  must  be  added.  Then  the  equation  becomes 


/  t  =  J8 

where  t  Ik*  l  matrix  is  defined  by 
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Then  the  mapping  from  joint  space  to  task  space  is  given  by 

8  =  J-'Tt 


(4-5) 


(4.6) 


(4.7) 


when  the  robot  is  not  kinematically  redundant.  If  it  is  redundant  ,  then  the  expanded 
form 

9  =  J*Tt  +  {I  -J*J)z  (4.8) 

can  be  used. 
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Similarly,  the  joint  torques  are  related  to  the  wrench  by 


r  =  Jjw  (I.!)) 

when  the  robot,  does  not  have  actuator  redundancy.  If  actuator  redundancy  does 
exist,  then  the  torque  equation  must  be  modified  to  allow  for  the  choice  of  torque 
distribution  over  the  actuators,  as  shown  in  section  3. 3. 2. 2. 

Act  uator  redundancy  only  occurs  for  closed  loop  mechanisms,  but  often  open 
link  robots  will  behove  as  a  closed  loop  when  in  contact  with  the  environment. 
Consider  a  two  link  arm  turning  a  crank,  shown  in  Figure  -1.8.  Although  the  robot 


Figure  4.8.  Turning  a  Crank. 


is  an  open  loop  serial  arm,  if  the  end  in  contact  with  the  crank  can  be  considered 
a  pinned  joint,  then  the  robot  gains  actuator  redundancy.  In  such  cases,  the  open 
loop  torques  obtained  from  equation  4.9  would  represent  only  one  of  the  possible 

'No  transformation  matrix  is  needed  here,  since  the  moment,  component,  of  w  is  given  hv  its  last 
three  elements. 


solutions.  The  general  solution  is 


t;i  =  SS*(,'r.JT w  f  (7  -  .S'.s,#)y  (1-10) 

This  procedure  is  also  applicable  t.o  grasping  an  object  with  multiple  lingers, 
since  the  combination  of  the  fingers  and  object  form  a  closed  chain,  as  shown  in 
Figure  4.9.  The  arbitrary  term  in  equation  1.10  is  then  directly  related  to  the 


internal  force  of  the  object. 


In  the  preceding  discussion,  it  was  assumed  that  the  device  power  of  each 
actuator  was  known  as  a  function  of  its  torque  and  velocity,  so  that  the  total  device 
power  could  be  written  as  a  function  of  the  task  screws  by  combining  equation  1.4 
with  the  appropriate  joint  velocity  equation  (4.7  or  4.8)  and  joint  torque  equation 
(4.9  or  4. 10).  In  order  to  determine  the  actual  functions  DPt(r.6).  t  he  model  for  the 
actuator  type  must  be  used.  For  DC  motors,  the  input  power  is  given  by  equation 
3.22, 


/?  2  k'E 

P  -  if 7  + 


4-11 


Substituting  this  into  equation  -1.1.  tin'  device  power  for  a  DC  motor  driven  robot 
is’ 

l)r  -  z4'f  +  7- (i-ii) 

,:|  kT  k'l 

If  the  robot  has  no  redundancy,  then  this  can  be  written  in  terms  of  the  task  screws 
by  using  equations  4.7  and  1.9: 


/>  7. 

DP  =  —(w1  .J.l1  w)  -f  -^-(w1  Tt) 

>'■]  h’ 


(1.12) 


When  the  mechanism  is  redundant,  the  more  general  equations  should  he  used. 
These  equations  are  given  below. 

Kinematic  Redundancy 


77  (w  1  Jj‘w)  +  —  (w'7't) 


(4-13) 


Actuator  Redundancy 


DP  —  ~  \wrJCSS*GTJrw  +  y 7  ( 7  -  SS*)y] 

K'J'  * 

+  ^  \wrJGSS#.J-'Tt  +  y7  ( I  —  5.S,#)J-!7’tl  (4. 

A-y  L  J 


Kinematic  and  Actuator  Redundancy 


—  fwr  J6'.S'5'#G'7  7rw  +  y7  ( /  -  .s' S’5 
kT 

i  £  f  1  1/ 7  ,  _.7'(  7 


+  y—  I w7  ./G,s'.s'#  J#7't  4-  y7( /  -  SS*)J-lrt 

kj-  1 

-fwT.76'SS,#(7  -  J#J)z  +  yr(I  -  SS*){I  -  ./#.7)z]  (4.15 


“This  assumes  that  all  of  the  motors  have  the  same  motor  constants. 


1  12 


Notice  that  for  the  case  of  the  simple  kinematic  redundancy,  the  arbitrary 
vector  z  is  not  present.  'I  he  phvsical  interpretation  of  this  is  that  lor  DC  motors, 
when  the  redundancy  is  list'd  to  change  the  joint  velocit  ies  a  decrease  in  input  power 
for  one  actuator  exactly  matches  the  increase  in  another  actuator.  Hence,  the  total 
device  power  is  constant  tor  a  given  configurat  ion  and  task  regardless  of  how  t  he  joint 
velocities  are  distributed.  This  does  not  eliminate  the  usefulness  of  power  analysis 
in  the  resolution  of  kinematic  redundancy,  as  will  be  shown  in  section  5.1. 3 


When  hydraulic  actuators  are  substituted  for  the  DC  motors,  the  device  power 
equations  have  a  significantly  different  character,  due  to  the  difference  in  how  the 
hydraulics  make  use  of  power.  The  hydraulic  actuator  power  is  given  by  equation 
3.33: 


DP  =  CsO 


This  equation  can  be  rewritten  for  hydraulic  motors  using  the  substitution 


0  -  DJ0\ 


(4.16) 


in  which  is  a  motor  constant  that  represents  the  volumetric  displacement  of  fluid 
in  the  motor  per  radian  of  angular  movement  .  It  is  analogous  to  the  cross-sectional 
area,  .4,  in  the  piston  actuator.  Then  device  power  for  a  motor  is 

DP=PsDui\0\  (4.17) 


Substituting  this  into  equation  4.4.  the  device  power  for  a  hydraulic  motor  actuated 
robot  is 

u 

DP  =  Y,PsD„\0i\  (4.18) 

i=l 

Then  in  terms  of  the  task  twist,  device  power  is 


3In  combination  with  actuation  redundancy,  z  does  appear,  because  then  the  choice  of  joint 
torques  can  affect  the  balance  of  power  that  exists  when  the  redundancy  is  purely  kinematic. 
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Non- Redundant 


DP  =  PJX.n1  l.r'ltl  (  1.19) 

I  I 

Kinematic  Redundancy 

DP  ^  Pxb^n'  l.J* 7  t  +  (  /  -  J*J) z)  (1.20) 

in  which  n  is  a  vector  of  ones,  n  —  {1.1 . 1}  and  |{e(<7o/}|  indicates  a  vector 

comprised  ol  the  absolute  values  of  the  elements  of  {rector}.  The  equation  for 
the  kinematically  redundant  case  shows  that  the  arbitrary  choice  of  joint  velocity 
distribution  can  have  a  direct  effect,  on  device  power,  in  contrast  to  the  DC  motor 
case.  However,  actuator  redundancy  does  not  have  any  direct  effect,  since  the  power 
is  not  a.  function  of  the  task  wrench. 

Alt  hough  there  is  no  direct  method  of  minimizing  device  power  for  t  he  actuator 
redundant  case,  there  are  benefits  to  making  the  proper  choice  of  torque  distribution 
in  the  redundant  case.  Consider  the  efficiency  of  a  single  hydraulic  motor 

_  Pout  _  TO  Djpo  ,  PL 

J\n  PsQ  PsDj)\  Ps  (  } 

When  0  >  0.  then  the  actuator  efficiency  is  maximized  by  letting  the  torque  require¬ 
ment.  approach  the  maximum  torque,  Pi  — >  P$.  When  0  <  0.  the  least  wasted  power 
is  attained  by  minimizing  the  torque  requirement.  Pi,  0.  If  this  principle  could  be 
incorporated  into  the  control  scheme,  then  the  actuator  redundancy  might  be  used 
to  achieve  a  better  overall  efficiency. 

4-3  Power  Efficiency  Metrics 

In  order  to  use  the  preceding  analysis  effectively  in  robot  design,  task  planning, 
or  joint  control,  an  efficiency  metric  is  required.  The  type  of  metric  appropriate  to  a 
task  is  often  dependent  on  the  task  itself.  For  example,  when  designing  an  airplane 


CM 


lor  extended  range,  top  speed  may  be  relevant,  but  il  is  not  the  best  indicator  of  how 
la r  the  plane  can  fly.  1  he  same  appears  to  be  true  in  this  analysis.  As  noted  earlier, 
wlnui  the  standard  measure  ol  efficiency  is  used  lor  a  reactive  task,  a  low  result 
occurs  even  though  the  job  may  be  completed  in  the  most  efficient  wav  possible. 
L  hen-lore,  three  different  metrics  are  proposed,  one  lor  each  of  the  three  task  types. 

For  kinetic  tasks,  the  familiar  efficiency  measure  is  appropriate.  Kinetic  effi¬ 
ciency  is  defined  as 

Output  Power  wot 

=  Input  Power  =  UF  ( 

in  which  the  output,  power  is  the  reciprocal  product  of  the  task  screws  as  defined 
in  section  1.2.1.  and  DP  is  the  appropriate  device  input  power  for  the  task  and 
actuator  type. 


For  reactive  tasks,  the  reactive  efficiency  is  given  by 

wrench  magnitude  _  ||w|| 
Input  Power  DP 


( ’  23) 


where  the  wrench  magnitude,  ||w||,  is  given  by  the  standard  Euclidean  norm  for  a 
6- vector. 

For  manipulative  tasks,  the  efficiency  is  defined 


Vm  — 


(4.24) 


where  ||t||  and  DP  are  given  in  the  same  manner  as  for  the  other  metrics.  The 
reactive  and  manipulative  efficiencies  represent  the  ratio  of  the  size  of  the  significant 
output  of  the  task  to  the  output  power.  They  will  not.  result  in  a  standard  efficiency 
in  the  range  0%  -  100%,  but  higher  values  of  the  metric  clearly  indicate  more  efficient 
use  of  the  power.  The  measures  are  analogous  to  a  standard  metric  for  automobiles, 
miles  per  gallon.  Miles  travelled  represent  the  magnitude  of  the  motion,  and  gallons 
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Power  efficiency  can  l>r  used  m  a  wide  variety  of  ways  in  robotics,  lb  demon¬ 
strate  the  range  of  possihilit i<'s.  a  lew  simple  examples  will  illustrate  the  use  of  power 
analysis  in  five  areas: 

1.  Task/ Workspace  Planning 

2.  Actuator  Selection 

3.  Manipulator  Kinematic  Structure  Selection 

4.  Kinematic  Redundancy  Resolution 

5.  Actuator  Redundancy  Resolution 

5.1  Task/ Workspace  Plan  nine] 

Consider  a  two-link  serial  manipulator,  driven  by  DC  motors,  performing  the 
open  loop  task  of  lifting  a  load  in  a  gravity  field  (see  Figure  5.1).  The  task  screws 
for  this  planar  task  degenerate  into  vectors. 


w  =  f  =  (/r,/„)T 

(5.1) 

11 

< 

II 

'•c'* 

"s 

(5.2) 

Since  the  lifting  task  has  col  linear  force  and  velocity  (they  are  both  vertical),  it  is  a 

kinetic  task.  Then  the  appropriate  metric  is  the  kinetic  efficiency  given  by  equation 

4.22, 

wot 

Vh  DP 

The  output  power  is  (for  this  task,  fT  =  vx  =  0) 

w  o  t  =  f  •  V  =  fyl'y 

(5.3) 
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Figure  5.1.  Lift  Task. 

And  the  device  input  power  for  a  noil-redundant.  DC  motor  driven  robot  is  given  In¬ 
equation  4.12 

DP  =  £({rJJrf)  +  ^(f'v) 

kf  A-/ 

The  manipulator  Jacobian  for  a  two-link  is 

— «|.S|  —  e-j-s  V2  —a  2su 

J=  (5- 1 ) 

it  i  C |  —  (l  2  (  t  2  —  ^  2*  I  2 

in  which  «i,a2  are  the  link  lengths,  and  sines  and  cosines  of  the  joint  angles  are 
represented  by  the  notation  sinffi  =  s, ,  sin (ffi  +  0 >)  =  su- 

Since  device  power  is  a  function  of  and  J  is  a  lunction  of  position,  it  is 
apparent  that  DP  =  DP{. v.y)  for  a  fixed  task.  Then  one  method  of  optimizing 
power  efficiency  is  to  find  the  best  location  for  the  task  relative  to  the  base  of  the 
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arm. 


This  optimum  location  could  bo  lound  by  a  number  ol  moans,  but  the  simplest 
method  lor  showing  the  eflerl  ol  location  on  ellinency  is  a  contour  plot  ol  t  he  effi¬ 
ciency.  This  type  ol  plot  allows  the  engineer  to  quickly  identify  the  best  operating 
regions  for  robot-task  combination. 

To  provide  numerical  results,  the  task  was  modeled  by  defining  /„  =  lib. 
cv  =  lips1,  and  the  robot  was  modeled  as  having  link  lengths  ol  e,  =  n>  =  0.5ft  and 
typical  DC  motors  for  actuators.  The  motors'  constants  are: 

A;-  =  5  loz-in/A 
=  0.28125ft- lb/ A 
A/.;  =  1 0  V  '/krpm 

—  0. 3820  \/ rad /see 

r  =  o.sn 

The  efficiency  is  shown  for  the  first,  quadrant  workspace'  in  Figure  5.2.  For 
this  plot,  the  inverse  kinematic  equations  generate  the  "elbow  down"  solution  for 
the  joint  angles.  The  lightest  regions  represent  an  efficiency  of  9l'/f  or  greater,  while 
the  black  regions  represent  an  efficiency  of  less  than  !)‘T.  The  white  regions  are  out 
of  the  reachable  workspace,  which  is  bounded  by  the  circle  .r2  +  if2  =  1.  The  rough 
edges  are  the  result  of  the  resolution  of  the  plotting  method,  and  do  not  indicate 
any  real  phenomenon.  While  the  plot  was  designed  to  show  the  power  efficiency 
for  an  instantaneous  lift  task  at  different  points  in  workspace,  it  is  also  useful  to 
note  that  one  can  use  it  to  determine  the  average  efficiency  in  lifting  a  specified 
distance  as  well.  For  any  n  rli cal  line  drawn  on  this  plot,  the  total  energy  expended 
in  lifting  a  load  at  constant  speed  along  the  line  could  be  found  by  integrating  the 
efficiency  along  the  line  and  then  multiplying  by  the  total  output  work  (me/ Ah). 
There  are  several  conclusions  that  one  can  draw  from  an  examinat  ion  of  this  plot . 

*This  is  tin-  equivalent  ol  iJ  watts  of  output  power. 
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Figure  5.2.  Lift  Task  Efficiency  for  Two-Link  Serial  Arm  w/  DC  Motors  (“Elbow 
Down”).  The  lightest  region  represents  t//v-  >  91  'X  and  the  black  region 
represents  //*.-  <  9%. 

First,  as  one  would  expect,  the  efficiency  drops  off  to  zero  as  the  edge  of  reachable 
workspace  is  approached.  Very  large  joint  speeds  and  torques  are  required  for  small 
motions  and  loads  in  this  region,  and  at  the  very  edge,  a  degree  of  freedom  is  lost. 
At  full  extension,  (0 2  =  0°),  it  is  impossible  to  move  up  along  a  vertical  path. 
It  is  therefore  reasonable  that  the  efficiency  should  decrease  as  this  condition  is 
approached.  Second,  the  efficiency  generally  improves  as  the  .(-position  decreases. 
This  is  indicative  of  the  reduction  in  the  torque  requirements  at  each  joint,  as  the 
load  moves  closer  to  the  arms  base  at  (x.y)  =  (0,0).  One  intuitively  expects  this, 
since  the  moment  arm  is  shorter.  The  efficiency  then  increases  as  the  joint  torques 
decrease,  because  the  device  power  is  a  strong  function  of  the  joint,  torques. 

Aside  from  optimum  location,  there  is  another  option  that,  a  planner  could 
consider.  This  is  the  choice  of  the  “elbow  up”  or  “elbow  down”  configuration  for 
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the  arm  (see  figure  5.3).  W  li  i  !c-  space  and  mount  mg  considerat  ions  may  dictate  this 

(x,y) 


Elbow  Down  Elbow  Up 

Figure  5.3.  "Elbow-Up"  and  "Elbow-Down"  Configurations. 

choice,  it  is  still  useful  to  study  the  efficiency  of  this  configuration  to  see  if  any 
significant  differences  are  present. 

Figure  5.4  shows  the  efficiency  using  the  elbow  up  solution.  Note  that  the 
predominant  features  of  the  elbow'  down  solution  are  still  present.  Efficiency  is  zero 
at  the  workspace  edge,  and  efficiency  improves  as  ^-position  decreases.  However,  the 
general  character  of  the  plot  has  changed  noticeably.  While  the  average  efficiency 
in  the  x  =  0.2ft  region  was  65-70%  for  the  elbow'  down  configuration,  it  is  only 
around  45-50%  for  the  elbow  up  configuration.  This  is  due  to  the  greater  moment 
arm  for  the  second  joint  in  this  case.  Figure  5.5  shows  the  torque-speed  variation 
of  each  actuator  during  the  lifting  task  executed  at  x  —  0.2ft,  .y  =  0.1  — »  0.8.  Since 
the  moment  arm  is  constant  for  the  first  joint,  the  torque  for  the  first  actuator  is 
understandably  constant.  How’ever,  for  the  “elbow  up”  configuration,  the  speed  of 
the  first  actuator  varies  significantly,  taking  it  from  normal  operation  in  quadrant  I 
through  the  plugging  region  and  into  the  regeneration  region.  This  is  one  cause  of  the 
large  variations  in  efficiency  seen  in  Figure  5.4.  The  second  joint  floes  have  a  varying 
torque  and  it  is  different  for  each  case.  Comparing  figures  5.2  and  5.4,  one  can  see 
that  even  when  the  elbow  up  configuration  has  the  first  joint  in  a  regenerative  mode, 
at  y  ~  0.8,  the  elbow  down  configuration  still  provides  a  better  overall  efficiency. 
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Figure  5.4.  Lift  Task  Efficiency  for  Two-Link  Serial  Arm  w/  DC'  Motors  (“Elbow 
Up”).  The  lightest  region  represents  7//v-  >  91%  and  the  black  region 
represents  ijn  <  9%. 

Given  this  comparison,  one  can  conclude  that  for  this  robot  and  task,  the  job 
should  be  done  close  to  the  shoulder  with  the  elbow  down.  This  is  not  a  remarkable 
discovery,  as  it  is  already  intuitively  obvious.  This  is  generally  the  way  a  person 
would  lift  a  heavy  load  with  their  arm.  However,  the  analysis  can  readily  be  applied 
to  a  more  complex  robot  or  task. 

5.2  Actuator  Selection 

In  the  previous  example,  the  actuator  type  was  arbitrarily  chosen  to  be  a  I)C 
motor.  In  reality,  this  choice  requires  careful  consideration,  since  it  can  have  a 
dramatic  effect  on  the  efficiency  of  the  robot.  In  this  section,  hydraulic  and  electric 
actuators  will  be  compared  using  the  same  two-link  serial  robot  and  an  assortment 
of  simple  tasks.  As  in  the  previous  section,  the  task  screws  are  given  by  equations 
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Figure  5.5.  Lift  Task  in  Joint  Space  for  Two-Link  Serial  Arm. 

5.1  and  5.2  and  the  manipulator  Jacobian  is  as  shown  in  equation  5.4.  The  efficiency 
measure  will  vary  with  the  task  being  compared,  and  so  the  device  input  power  will 
be  given  by  either  equation  4.12  or  4. 19.  For  a  fair  comparison,  the  constants  in 
these  equations  will  be  normalized  to  eliminate  differences  in  magnitude.  This  is 
necessary  since  no  data  was  available  for  typical  actuators  of  comparable  size.2 

To  nondimensionalize  the  DC  motor,  the  method  given  in  (16)  was  used,  in 
which  the  fundamental  units  are  based  on  the  rated  full  load  condition  of  the  motor. 
One  unit  of  angular  rotation  is  equal  to  the  rated  full  load  speed,  one  unit  of  torque 
is  equal  to  the  rated  torque,  one  unit  of  current  is  equal  to  the  rated  current  at 
full  load,  and  other  units  are  derived  from  these  units.  Under  this  convention,  the 
constants  k e  and  kr  become  unity.  Then  the  only  constant  left  to  choose  is  the 
resistance,  R.  Typically,  DC  servomotors  have  negative  slopes  of  the  order  of  1  on 
the  torque-speed  plot,  because  this  provides  good  controllability.  For  example,  the 

2In  general,  DC  motors  have  less  torque  capability  than  hydraulics. 
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motor  used  as  a  model  in  1  lie  previous  section  lias  a  slope  of  — 4 . ( > 5 .  From  equation 
3.21.  the  slope  is  seen  t  o  be  —  R/(  AyTy ).  so  using  a  slo|>e  of  —1.  R  c  an  be  found  bv 
solving  for  R  in  terms  of  Ay  and  Ay: 

R 

kEkT 

R  —  Ay;  Ay  (5.5) 

Then  since  Ay  =  Ay  =  1.  R  =  1  and  the  device  power  equation  becomes 

DP  =  f.J.Pf  +  f7v  (.-,.(>) 

For  the  hydraulic  case,  the  equation  is  nondimensionalized  by  dividing  by  the 
operating  pressure,  Ps.  and  the  motor  constant  Du.  This  is  equivalent  to  letting  a 
unit  torque  equal  the  peak  torque  and  a  unit  speed  equal  the  motor  constant.  Then 
the  device  input  power  equation  is 

DP  =  nT\.J~'v\  (5.7) 

Five  tasks  were  chosen  to  illustrate  the  differences  in  the  actuator  types.  Thev 

are: 

Lift  Task  As  before,  moving  an  end  load  vertically  in  a  gravity  field.  This  is  a 
kinetic  task  with  f  =  (0, 1 },  v  =  {0,1}. 

Hold  Task  Holding  an  end  load  stationary  in  a  gravity  field.  T  his  is  a  reactive  task 
with  f  =  {0, 1},  v  =  {0.0}. 

Slow  Transport  Task  Moving  the  end  load  slowly  along  a  horizontal  path  in  a 
gravity  field.  This  is  similar  to  the  Hold  Task,  and  is  also  reactive,  with 
f=  {0,1}, v  =  {0.1,0}. 
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Fast  Transport,  Task  Moving  the  end  load  quickly  along  a  horizontal  path.  In 
this  task,  the  motion  is  the  primary  output .  so  it  is  a  manipulative  task,  with 
f  =  {0,0.1}. v  =  {1.0}. 

Kinetic  Transport  Task  Moving  the  load  up  along  a  line  of  slope  one.  This  is  a 
combination  of  the  lift  and  transport  tasks,  with  f  =  {0.  1  }.  v  =  {—.  — 

In  all  the  examples  of  this  section,  the  elbow  down  configuration  was  used. 

Figures  5.6  and  5.7  show  the  lift,  task  efficiencies  for  the  DC  motor  and  the 
hydraulic  motor  cases,  respectively.  The  DO  motor  driven  robot  is  essentially  the 
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Figure  5.6.  Lift  Task  Efficiency  for  Two- Link  vv/DC  Motors.  The  lightest  region 
represents  ?//N-  >  91%  and  the  black  region  represents  ;//,  <  9%. 

same  as  was  shown  in  the  previous  section,  with  the  highest  efficiency  occurring  near 
the  shoulder.  The  differences  between  Figures  5.2  and  5.6  are  a  result,  of  the  change 
to  normalized  motor  constants.  The  efficiency  plot  for  the  hydraulic  case  is  signif¬ 
icantly  different  than  for  the  electric  case.  The  highest  efficiency  occurs  when  the 
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Figure  5.7.  Lift  Task  Efficiency  for  Two-Link  w/Hydraulic  Motors.  The  lightest 
region  represents  r//v-  ~  50%  and  the  black  region  represents  r//v-  <  9%. 

arm  is  stretched  out  horizontally.  This  is  predict  able  since  the  device  power  depends 
only  on  joint  velocity,  and  for  low  joint  velocities  given  a  fixed  lift  rate,  the  horizon¬ 
tal  distance  from  the  joint  to  the  load  should  be  maximized.  The  greater  torques 
resulting  from  this  solution  do  not  affect  the  actuator's  efficiency.  Another  difference 
not  readily  seen  from  the  contour  plots  is  that  the  overall  average  efficiency  is  much 
lower  for  the  hydraulic  case.  The  lightest  region  of  the  DC  motor  plot  represents 
rjK  ~  95%,  while  on  the  hydraulic  plot,  it.  represents  7//„-  ss  50%).  The  low  hydraulic 
efficiency  is  the  result  of  two  things.  First,  an  individual  hydraulic  motor  can  only 
run  at  100%  efficiency  when  the  load  pressure  equals  the  operating  pressure.  This 
condition  also  equals  the  maximum  torque  possible  for  the  motor,  so  the  motor  is 
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rarely  operating  near  100%  efficiency.'5  Second,  whenever  the  actuator  is  providing 
torque  and  speed  with  opposite  signs,  it  continues  to  draw  power,  rather  than  gener¬ 
ate  power.  Compared  to  the  DC  motor  case,  one  could  say  that  the  hydraulic  motor 
is  always  "plugging,"  and  cannot  regenerate.  Whenever  the  actuators  are  working 
against  each  other,  this  causes  lost  “geometric”  power  and  reduces  efficiency.  This 
condition  is  not.  the  dominant  cause  of  inefficiency,  however,  because  the  actuators 
are  only  operating  in  quadrant  IV  of  the  torque  speed  plot  for  a  small  portion  of 
workspace. 

Now  consider  the  hold  task.  This  is  a  reactive  task,  so  the  reactive  efficiency 
measure  ///,>  is  used.  Figure  5.8  shows  the  performance  of  the  DC  motor.  The 
appearance  of  the  plot  is  quite  similar  to  figures  5.2  and  5.6.  The  only  difference 
between  the  hold  task  and  the  lift  task  is  in  the  velocity  required  of  the  actuators. 
Therefore,  this  similarity  is  expected,  since  the  efficiency  of  a  DC  motor  is  primarily 
dependent  on  its  terque  requirement,  not  on  the  velocity  requirement.  No  plot  is 
shown  for  the  hydraulic  case,  since  the  efficiency  is  infinite  throughout  its  entire 
workspace.  This  is  seen  from  the  efficiency  equation. 


n  |  .7  ~ 1  v  |  0 


This  illustrates  an  important  characteristic  ol  the  hydraulic-clriven  robot  -  it  re¬ 
quires  no  power  to  oppose  a  force  when  it  is  stationary.'’ 

The  slow  transport  task  provides  an  example  similar  to  the  holding  task,  but 
allows  one  to  examine  the  effect  of  motion  in  a  reactive  task.  The  efficiency  of  the 
DC  motor  case  is  given  by  Figure  5.8,  just  as  lor  the  holding  task.  The  plots  are 


3Another  problem  with  operating  near  maximum  torque  is  that,  the  maximum  joint  speed  ap¬ 
proaches  zero  as  the  torque  approaches  maximum  torque,  a  property  seen  by  referring  to  the 
torque-speed  plot  in  Figure  3.6. 

4This  is  only  true  for  the  ideal  hydraulic  actuator.  Any  practical  hydraulic  actuator  would 
require  a  small  amount  of  power  to  counteract  leakage  in  the  system.  Nevertheless,  the  power 
required  to  hold  a  load  is  much  lower  for  a  hydraulic  system  than  for  an  electric  system. 
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Figure  5.8.  Hold  Task  &  Slow  Transport  Task  Efficiency  for  Two-Link  w/DC  Mo¬ 
tors.  Tlie  lightest  region  represents  ??/?  «  6  and  the  black  region  repre¬ 
sents  rjfi  0. 

identical  because  the  f7  v  term  in  the  device  power  equation  is  still  zero  because  even 
force  and  motion  are  orthogonal.  The  efficiency  for  the  hydraulic  case  is  shown  in 
Figure  5.9.  The  best  performance  is  obtained  by  positioning  the  end-effector  near 
the  top  of  the  workspace,  where  joint  velocities  are  the  lowest  for  the  horizontal 
motion.  The  approximate  range  of  values  on  this  plot  is  0  to  8,  including  a  large 
region  of  workspace  >  5.  Since  this  performance  is  only  equaled  in  a  small  area  of 
the  workspace  for  the  electric  case,  it  is  evident  that  the  hydraulic  actuator  driven 
robot  is  generally  more  efficient  in  completing  tasks  of  this  variety. 

The  fast  transport  task  is  essentially  the  same  as  the  slow  transport  task,  except 
the  emphasis  has  moved  from  force  to  motion.  It  represents  manipulating  a  light  load 
at  high  speeds.  An  example  of  this  type  of  task  is  arc  welding,  where  the  only  load 
is  the  weight  of  the  welding  rod,  which  is  moved  quickly  from  point  to  point  above  a 
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Figure  5.9.  Slow  Transport  Task  Efficiency  for  Two-Link  w/Hydraulic  Motors.  The 
lightest  region  represents  r/n  «  8  and  the  black  region  represents  rjn  ss  0. 

surface.  This  is  in  the  category  of  manipulative  tasks,  so  liie  metric  !],\t  was  used  to 
judge  performance.  Figures  5.10  and  5.11  show  7/;v  over  the  workspace  of  the  robot 
for  the  electrically  and  hydraulically  driven  cases,  respectively.  Topographically, 
these  plots  are  identical  to  those  found  for  the  slow  transport  task.  However,  the 
performance  index  ;/;v/  ranges  from  0  to  650  for  the  DC  motor  and  between  0  and  0.9 
for  the  hydraulic  motor.  Almost  all  of  the  workspace  for  the  electric  robot  provides 
higher  performance  in  this  task  than  the  hydraulic  robot. 

The  final  example,  kinetic  transport,  is  a.  combination  of  lift  and  t  ransport, 
with  ||f||  =  ]| v Jj .  This  is  a  kinetic  task,  so  the  kinetic  efficiency  metric  was  used. 
The  efficiency  of  the  DC  motor  case  varies  from  0%  to  97%  in  a  familiar  pattern, 
shown  in  Figure  5.12.  The  efficiency  is  almost  the  same  as  for  the  lifting  case,  with 
only  minor  variations  in  the  distribution.  The  torque  requirements  for  each  joint 
are  the  same  as  for  the  lift  task,  so  the  similarity  is  not  surprising.  However,  the 
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Figure  5.10.  Fast  Transport  Task  Efficiency  for  Two-Link  w/DC  Motors.  The  light¬ 
est  region  represents  ?/,v;  650  and  the  black  region  represents  ijm  %  0. 

hydraulic  efficiency,  which  is  much  more  sensitive  to  changes  in  the  velocity  portion 
of  the  task,  presents  a  quite  different  pattern  than  the  one  seen  for  the  lift  task  (see 
Figure  5.13).  Rather,  the  plot  is  seen  to  be  a  blend  of  the  lift  and  transport  tasks 
(compare  this  plot  with  figures  5.7  and  5.9).  The  efficiency  ranges  from  0%  to  -10(T 
with  the  optimum  region  occurring  above  the  shoulder  at  about  two-thirds  of  the 
maximum  reach.  Overall,  the  electric-driven  arm  appears  to  provide  better  power 
efficiency  for  this  task. 

One  would  need  much  more  specific  information  about  the  range  of  task  re¬ 
quirements  to  decisively  determine  which  actuator  type  is  the  best  choice,  but  some 
general  guidelines  are  clear  from  this  analysis.  First,  over  the  majority  of  the 
workspace,  DC  motor  driven  manipulators  are  more  efficient  for  kinetic  and  ma¬ 
nipulative  tasks,  while  hydraulics  are  more  efficient  for  reactive  tasks.  The  welding 
task  mentioned  earlier  would  probably  be  most  efficiently  done  with  DC  servomo 
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Figure  5.11.  Fast  Transport  Task  Efficiency  for  Two-Link  w/Hydraulic  Motors. 

The  lightest  region  represents  «  0.9  and  the  black  region  repre¬ 
sents  7?m  ~  0. 

tors,  while  slowly  moving  a  heavy  load  is  probably  best  done  by  hydraulic  motors. 
Second,  the  optimal  performance  regions  are  quite  different  for  hydraulic  and  electric 
actuators.  This  could  be  an  important  option  for  a  designer  if  the  entire  workspace  is 
not  available.  For  example,  for  a  lift  task,  if  the  work  area  was  cramped,  the  elbow 
of  the  arm  could  get  in  the  way  when  the  end-effector  was  close  to  the  shoulder. 
Then  the  hydraulic  actuators  might  be  appropriate,  since  it.  performs  best  without 
bending  the  arm  at  the  elbow.  One  could  easily  provide  a  similar  scenario  in  which 
DC  motors  would  be  better. 

5.3  Manipulator  Structure  Selection 

In  addition  to  aiding  in  the  selection  of  an  actuator,  power  analysis  can  also 
be  used  in  determining  the  appropriate  kinematic  structure  to  use  for  a  given  task. 
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Figure  5.12.  kinetic  transport-  Task  Efficiency  for  Two- Link  w/D(.  Motors.  1  he 
lightest  region  represents  T)^  ~  95%  and  the  black  region  represents 
m  <  9%. 


This  section  will  compare  a  massless  parallel  type  manipulator  to  I  he  massless  serial 
manipulator  used  in  the  previous  sections,  and  the  effect  of  varying  link  lengths  in 
the  serial  arm  will  also  be  briefly  explored. 

A  2- DOF  parallel  arm  is  shown  in  Figure  5.14.  Both  motors  are  at  the  base 
of  the  manipulator,  and  independently  control  the  joint  angles  0\  and  02.  The  end 
effector  position  is  described  in  the  same  way  as  for  the  serial  arm.  by  angles  0\.02 
and  lengths  ai.a2.  From  the  geometry  it  is  evident  that 

0'2  =  +  02  (5.8) 

Differentiating  this  relation,  the  equation  becomes 


Figure  5.13. 


Kinetic  Transport  Task  Efficiency  for  Two-Link  w/Hydrau!ic  Motors. 
The  lightest  region  represents  ?//v-  ~  10%  and  the  black  region  repre¬ 


sents  Tjfc  <  5%. 


This  relation  can  be  used  to  derive  the  parallel  Jacobian  from  the  serial  Jacobian: 

—  Sl  —•'<12 
Cl  C|  2 

This  Jacobian  relates  the  end-effector  velocity  to  the  joint  velocities  at  the  motors. 
0i,02,  but  is  shown  in  terms  of  0t  ,02.  The  inverse  kinematic  equations  used  to 
find  0 1,02  are  then  identical  to  the  ones  used  for  the  serial  arm's  "elbow  dov  C 
configuration.  Using  the  normalized  equations  for  a  DC  motor  actuated  robot,  the 
device  power  for  a  parallel  arm  is  given  by 


(5.10) 


DP  =  f7X/J  f  +  f 7  v 


(5.11) 


$ 

Figure  5.14.  Parallel  Type  2-DOF  Manipulator. 

which  is  identical  to  equation  4.12  except  that  Jv  is  substituted  for  J. 

Now  to  judge  the  efficiency  of  the  parallel  arm,  consider  its  performance  of 
two  tasks  that  have  been  previously  shown  for  the  serial  arm.  the  lift  task  and  the 
fast  transport  task.  Figure  5.15  shows  the  kinetic  efficiency  (7/a  )  of  the  parallel 
manipulator  in  the  first  quadrant  workspace.  The  efficiency  varies  from  50%  to 
100%,  although  the  plot  still  shows  the  drop  to  0%.  which  is  the  set  value  given  to 
areas  outside  the  reachable  workspace.  Compared  to  Figure  5.6.  it  is  apparent  that 
the  parallel  arm  is  more  efficient  than  the  serial  arm  over  a  wide  range'  of  workspace', 
although  in  the  vertical  band  near  x  =  0.2,  the  serial  arm  can  compete.  For  the' 
fast  transport  task,  the  parallel  arm’s  performance  is  shown  in  Figure  5.10.  This  is 
a  plot  of  manipulative  efficiency  (?/,v/),  and  again  the  parallel  arm  has  bet  ter  overall 
performance  compared  to  the  serial  arm.  which  is  shown  in  Figure  5.10.  Similar 
results  were  shown  by  Spenny  and  Leahy  (4).  so  this  is  not  surprising,  but  this  is 
another  example  of  the  diversity  of  problems  to  which  power  analysis  can  be  applied. 

The  ratio  of  the  lengths  of  each  link  can  be  changed,  providing  another  option 
iri  the  structural  design  of  a  2- DOF  arm.  The  usefulness  of  such  a  variation  to  the 
serial  arm  can  be  checked  by  two  possible  configurations:  I )  let  the  first  link  be  twice 
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Figure  5.15.  Lift  Task  Efficiency  for  2-DOF  Parallel  Ann  \v/DC  Motors.  The 
lightest  region  represents  ?//x-  ss  95%  and  the  black  region  represents 

ijl<  ~  0%. 

as  long  as  the  second,  and  2)  let  the  first  link  be  half  as  long  as  the  second.  Figure  5.17 
shows  the  kinetic  efficiency  of  the  first  case  when  doing  a  lift  task.  Figure  5.18  shows 
the  same  task  for  the  second  configuration.  When  compared  with  f  igure  5.6.  one 
can  see  that  the  efficiency  is  similar  to  the  standard  two-link  arm.  with  performance 
falling  off  as  x  increases.  For  the  first  configuration,  however,  the  drop  off  is  not  as 
fast  as  for  the  standard  two-link,  resulting  in  an  increased  overall  efficiency.  If  the 
reduced  reachable  workspace  was  not  an  issue,  this  might  be  a  possible  method  for 
increasing  the  power  efficiency  when  performing  a  lift  task. 

5Jt  Kinematic  Redundancy 

When  a  mechanism  has  more  degrees  of  freedom  than  its  task  requires,  it  is 
said  to  be  redundant,  for  kinematic  redundancy,  this  means  that  the  mechanism 
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Figure  5.16.  Fast  Transport  Task  Efficiency  for  2-DOF  Parallel  Arm  vv/DC  Mo¬ 
tors.  The  lightest  region  represents  ry/v-  ~  95%  and  the  black  region 
represents  r//v-  «  0%. 


has  an  infinite  choice  of  joint  positions  that  can  complete  the  task.  This  choice 
of  joint  positions  and  joint  velocities  allows  the  robot  to  either  do  more  than  one 
task  simultaneously,  or  to  do  its  task  while  optimizing  or  maintaining  some  other 
condition.  Redundancy  has  been  used  for  singularity  avoidance,  obstacle  avoidance, 
and  the  completion  of  multiple  tasks  by  Nakamura.  (8)  and  others. 

To  illustrate  how  power  analysis  can  be  applied  to  the  choice  of  redundant 
solutions,  consider  a  lift  task  with  a  three-link  serial  arm.  Let  each  link  length  be 
one,  and  the  task  be  f  =  {0.  1 }, v  =  {0.  1 }  starting  at  a  position  (x,y)  =  (1.0.25). 
Consider  two  possible  configurations  for  the  manipulator,  as  shown  in  Figure  5.19. 
Which  configuration  provides  the  most  efficient  use  of  power  while  completing  the 
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Figure  5.17.  Lift  Task  Efficiency  for  Two-Link  Arm  vv/DC  Motors  and  ^  =  2.  The 
lightest  region  represents  r//x-  95%  and  the  black  region  represents 

rjr<  ~  0%. 


task?  Recall  that  kinetic  efficiency  is  given  by  equation  4.22 


V/< 


wot 

DP 


Using  DC  motors  at  the  joints,  device  power  is 


DP  =  fTJJTf  +  f7v 


(5.12) 


so  that  the  efficiency  becomes 


f7v 

”  fr./JTf  +  frv 


(5.13) 


Figure  5.18.  Lift  Task  Efficiency  for  Two-Link  Arm  w/DC  Motors  and  ^  The 
lightest  region  represents  t//x-  «  95%  and  the  black  region  represents 
TjK  «  0%. 


in  which  f,  v  have  been  defined  above  and  the  Jacobian  is 


-.S|  —  .S ,  2  —  .Sj  23  — -S|2  —  <S 1 23  —<123 

Cl  +  C  j  2  +  C 1 23  C[  2  +  C]  23  C|23 


For  the  first  configuration,  shown  in  gray  in  the  figure,  0 ]  =  (2.87,  —2.69.  —0.38)' 
and  the  device  power  is  6.8.  for  an  efficiency  of  /;/%i  =  14.6% .  The  second  configura¬ 
tion  ,  shown  in  black,  has  angles  Q i  —  (1.71.  —  1.46,  — 1.65)7  .  which  leads  to  a  device 
input  power  of  3.33,  and  an  efficiency  of  i]K2  —  30.1%.  Clearly,  the  selection  of  the 
configuration  can  greatly  affect  the  efficiency  of  the  robot  in  performing  the  task. 

If  the  task  and  robot  are  fixed,  then  one  can  easily  find  the  optimum  configu¬ 
ration  for  the  manipulator  by  minimizing  DP(6).  using  any  standard  optimization 
technique.  A  more  interesting  problem,  however,  is  when  a  robot  must  perform  many 


Figure  5.19.  Two  Possible  .Joint  Configurations  for  Three-Link  Serial  Arm. 

different  tasks  in  a  sequential  fashion,  and  cannot  always  be  configured  in  advance 
for  each  one.  Then  it  would  be  useful  if  the  robot  could  be  controlled  in  such  a  way 
that  it  “seeks  out,:  the  most  efficient  configuration,  while  simultaneously  performing 
the  task. 

One  solution  to  this  problem  can  be  derived  using  Nakamura's  task  prior¬ 
ity  equations  (8:pp.  126-131),  coupled  with  the  device  input  power  as  a  potential 
function.  Suppose  the  given  task  is  constant,  and  let  the  starting  configuration  be 
arbitrary,  as  if  the  robot  had  just  finished  a  different  task.  The  object,  is  to  complete 
the  task  while  altering  the  configuration  to  improve  efficiency.  The  joint  velocities 
can  be  commanded  by  using  the  equation  for  a  kinematically  redundant  mechanism, 
equation  4.8 

0  =  J*v  +  (/-  J*.J)z 
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but  let  the  arbitrary  vector  z  be  defined  bv 


Then  the  commanded  joint  velocities  are 

e=J*y-{I-J*.J)k(~pj  (5.16) 

This  choice  of  joint  velocities  will  result  in  the  proper  mot  ion  of  t  he  end-effector  (v). 
but  will  also  work  to  reconfigure  the  manipulator  so  as  to  minimize  device  power 
DP.  This  in  turn  optimizes  ?y ^ ,  since  the  output  power  is  constant.  Suppose  the 
task  requires  no  motion,  so  that  v  =  0.  Then 


<  0 


when  A-  >  0.  This  uses  the  idempotency  and  symmetry  of  (/  —  .}*.]).  Since  k  is 
chosen  in  the  design  of  the  control  law,  then  device  power  can  be  designed  to  have 
a  monotonic  decline  for  a  stationary  task.  This  does  not  guarantee  ~{J)P)  <  0  for 
v  ^  0.  but  the  second  term  always  will  operate  to  reduce  DP  as  much  as  possible 
while  still  completing  the  task. 

This  scheme  was  applied  to  the  lifting  task  through  the  use  of  a  Math  (mat  ten 
'v'"’tine  (Appenrljv  A)  to  show  the  increase  in  efficiency  during  the  performance  of 
the  task.  The  starting  position  was  taken  as  the  less  efficient  (gray)  configuration 
in  Figure  5.19  and  the  arm  was  allowed  to  run  for  5  seconds.  The  task  has  been 


5-21 


Figure  5.20.  Motion  of  Kinematically  Redundant  Arm  Performing  a  Lift  Task 
While  Optimizing  Efficiency. 

modified  slightly  to  f  =  {0,0.1}.  v  =  {0.0.1}  which  does  not  change  efficiency  in  any 
way,  but  allows  a  longer  time  to  elapse  for  a  small  total  lift  distance.  The  motion 
of  the  arm  is  shown  in  Figure  5.20.  Note  how  the  robot  end-effector  moves  straight 
up,  as  required  by  the  task,  but  the  configuration  changes  to  approach  the  most 
efficient  position  for  the  task.  It  actually  passes  through  the  black  configuration  of 
Figure  5.19,  indicating  that  this  was  not  the  optimum  configuration.  The  efficiency 
increase  of  the  mechanism  is  shown  by  Figure  5.21,  which  shows  the  efficiency  over 
time.  In  contrast,  if  the  device  power  is  not  used  to  drive  the  robot  to  increased 
efficiency,  but  rather  only  the  first  term  of  equation  4.8  is  used,  then  tin*  robot 
moves  as  shown  in  Figure  5.22.  The  task  is  still  performed,  but  the  shape  of  t  he 
arm  remains  relatively  unchanged,  since  this  solution  provides  as  little  joint  speed 
as  possible.5  The  difference  in  the  two  solutions  can  be  substantial  in  terms  of  the 

5This  solution  is  the  0  that  lias  the  minimum  norm  ||0||. 
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Figure  5.21.  Efficiency  of  Serial  Three-Link  During  a  Lift  Task. 


Figure  5.22.  Motion  of  Kinematically  Redundant  Ann  Performing  a  Lift  Task 
While  NOT  Optimizing  Efficiency. 


fiucrgy  Used 


Figure  5.23.  Energy  Use  of  Serial  Three- Link  During  a  Lift  'Task.  Energy  is  defined 
as  E(t.)  =  I‘DP(t)<It 

energy  used  to  complete  the  task,  as  shown  in  Figure  5.23.  About  twice  as  much 
energy  is  used  when  the  redundancy  is  not  utilized. 

The  choice  of  the  constant  k  in  this  control  scheme  was  said  to  be  arbitrary, 
subject  only  to  the  constraint  k  >  0.  In  the  above  simulation,  k  was  set  to  one. 
Increasing  k  results  in  a  faster  response,  moving  the  manipulator  to  the  optimum 
location  very  quickly.  However,  in  the  end,  k  must  be  chosen  based  on  t  he  maximum 
possible  joint  speed,  so  that  the  control  will  not  saturate  the  motors. 

While  this  method  does  work  to  improve  efficiency,  it,  is  not  without  problems 
as  a.  control  scheme.  The  foremost  problem  is  that  the  method  does  not  avoid 
singularity  points  of  the  manipulator.  At  these  points,  the  joint  velocities  required 
for  an  arbitrary  motion  can  be  very  large,  which  is  generally  seen  by  the  "blowing 
up”  of  the  .Jacobian  inverse  or  pseudoinverse.  Unfortunately,  the  singularity  was 
artificially  removed  from  the  device  power  equation  when  -J~l  was  cancelled  bv  a  ./ 
(tt0  =  fTJJ-'v  =  fTv).  The  result  is  that  no  penalty  is  assessed  for  these  infinite 
velocities,  because  the  corresponding  torque  is  near  zero.  If  the  DC  motor  was  more 
precisely  modelled,  terms  would  be  introduced  that  would  force  device  power  to 
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infinity  when  infinite  speeds  were  required,  lor  example,  if  motor  windage  losses 
were  added,  it  would  have  a  term  of  the  form  J~\'  in  the1  deviee  power 

equation,  which  would  go  to  infinity  at  singular  points.  Another  possible  solution 
is  to  add  to  DP(0)  to  create'  a  new  potential  function.  Then,  using  the 

values  of  k  and  k>.  the  control  law  could  weight  the  importance  of  avoiding  singular 
points  against  the  importance  of  improved  efficiency. 

In  light  of  this  last  concern,  it  is  also  interesting  to  reconsider  the  problem, 
substituting  hydraulic  motors  for  the  DC  motors  at  the  joints.  Then  the  device 
power  is  given  by 

DP  =  nr|./#v  +  (/  -  J*.J) z|  (o.l7) 


and  equation  5.13  becomes 


f7v 

nT\.J#v  +  (/  -  J*J) z| 


(5-18) 


From  this  equation,  it  is  apparent  that  the  minimization  of  the  device  power  for  the 
hydraulic  robot  will  also  be  effective  in  avoiding  singularities,  since  ||./#v||  — 1 •  oc. 
Vi<  0  as  singular  points  are  approached.  However,  a  new  problem  emerges  since  z  is 
still  in  the  device  power  equation  for  the  kinematically  redundant  hydraulic  actuator 
case,  whereas  it  did  not  appear  in  the  device  power  equat  ion  for  the  kinematically 
redundant  DC  motor  case.  Now  there  arc  two  optimization  problems,  one  in  which 
the  best  configuration  must  be  chosen,  and  one  in  which  the  best  distribution  of 
velocities  in  the  joints  must  be  chosen.  A  method  to  solve  this  is  to  define  a  new 
“state1'  vector  for  the  system  including  not  only  the  joint  configuration  6.  but  also 
the  arbitrary  vector  z, 


cf)  = 


(5.19) 
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Then  the  device  power  is  a  function  of  d>,  and  equation  o.l(>  can  lx*  written 


<p  =  lx  —  k-H 


'on  i1 

<)(£> 


where 


A 


J *  0 

0  0 


x 


v 

0 


B  = 

dDP 

d(f> 


r  /  -  j*j  o 

0  / 


app  :<OP 


Note  that  B  is  idem  potent  and  symmetric,  so  that  when  x  =  0, 


d  dDP  ■ 

-(DP)  =  ~—4> 
dr  1  d(f)  ^ 


=  ~k(d^)BBr(^)1' 


04> 


<14> 


<  o 


(:V20) 


as  before.  T h is  method  has  not  been  simulated  because  the  actual  expression  of 
device  power  is  terms  of  6  is  much  more  complex  than  for  the  electric  case,  and 
requires  a  more  sophisticated  numerical  routine.  Unfortunately,  the  time  for  the 
development  of  such  a  routine  was  not  available. 
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5.5 


Actuator  Redundancy  Resolution 


file  final  example  of  power  analysis  usefulness  is  a  simple'  demonstration  ol 
how  the  distribution  ol  torques  in  a  mechanism  can  he  chosen  by  picking  the  com¬ 
bination  that  provides  the  most  efficient  use  of  power. 

Recall  that  for  a  mechanism  with  redundant  actuators,  driven  by  nonditnen- 
sionalized  DC  motors,  the  device  input  power  can  be  written 

DP  =  wrd,  (;SS*  G1  J,7  w  +  y 7  ( /  -  SS*  )y 

+ w>  d ,.( i 'S.S  *  (J  L  1  Tt)  Aci  +  y 1  (I  —  AS*  )(./,  1  / 1  ),\,t  I o.2 1 ) 


Then  to  minimize  DP  with  respect  to  the  arbitrary  vector  v.  the  condition 


ODP 

Jy 


=  o 


(5.22) 


must  be  met.  Using  the  symmetry  of  (/  —  SS*),  this  partial  derivative  can  be 
written: 


ODP 

dy 


=  2(1  -  SS*)y  +  (/-  SS#)(J;'Tt),ict  =  0 


Then  combining  terms. 


(5.2:5) 


ODP 

dy 


=  (l  -SS*)\2y  +  (.J;'Tt)Act\  —  0 


(5.21) 


Now  let  x  =  2y  +  (Jr  1  Pt)Acl ,  and  the  equation  becomes: 


(  /  -  SS*  )x  =  0 


(5.25) 


When  redundancy  exists,  (/  —  SS*)  ^  0,  and  the  solut 


ion  is: 


where  q  is  an  arbitrary  vector.  Then  solving  Im  v  in  terms  ol  q. 


2y  +  (•/,.  t -  S.s-#t|  i-V2i  i 

y  =  ^-s'-S,#q  -  )..i, ,  i i 

Then  tin.1  optimal  choice  for  torque  hist  rilnit  ion  can  l»e  luuiul  hy  snhst  it  nt  iim  thC 
back  into  the  torque  equation  to  get 

r„  =  SS*( I1  J‘  w  T  (  /  -  SS* )  1  I  t 

r„  =  SS*C/rJ,1  w  -  it  /  -  SS*)(J7'Tt)A.,  ( b.2!)) 

Note  that  the  arbitrary  vector  q  disappears  from  the  torque  expression.  I  his  value 
for  torque  in  turn  produces  a  device  power  of 

dp  =  wrJvGS$#orJJw  +  wrjl.(;ss*(j~'rt)A, 

Consider  a  task  when1  a  two-link  serial  arm  is  required  to  push  auainst  a 
stationary  object  as  shown  in  f  igure  '>.21.  As  was  discussed  ea.rliei.  when  an  open 
loop  mechanism  comes  in  contact  with  the  environment  it  becomes  a  closed  loop 
mechanism.  In  this  case,  only  one  actuator  is  required  to  produce  the  desired  lone, 
and  the  other  actuator  is  redundant.  II  the  robot  is  treated  as  a  non- <  <  <lunilnnt 
mechanism,  then  the  required  joint  torques  are 

r  ./'  f 
I..S2 

i — 

It.  1> 

■'>  2. 


for  the  0 1.  0>.  and  f  shown  in  the  figure.  Since  then'  is  no  motion.  9  = 
device  power  is 


DP  =  rl  T  -f  r'e  =  tj  t 
=  1.97 


Since  this  is  a  reactive  task,  reactive  efficiency  is  used  and 


Un  = 


MIL 

DP 


~  0.5 


. 0) 1 .  and 


(5.51) 


(r,.:l2) 


Now  compare  this  totin'  result  obtained  l»y  using  the  equat  ion  lor  optimal  redundant 
torque  actuation,  equation  5.29.  In  this  example,  w  =  f  and  t.  —  0.  I  he  matrix  (! 


(",'=/  because  no  open  loop  joints  arc'  virtually  actuated.  1  lie  matrix  >  is  given  by 


1 

i 

1 

;>0, 

— 

.  T 1 2  ^  . 

— 

-l.() 

_  ;'W|  _ 

and  -Jv  is  the  standard  two  link  Jacobian.  1  hen  the  torque  is 


1  0 

- 1 .52 

0 

+ 

0  1 

-0. 18 

(J 

-0.15 

0.21 


(5.5(i) 


Note  that  when  t,  =  0.  the  optimal  choice'  for  y  becomes  y  —  0.  1  sing  this  torque 
vector,  the  devic  e  power  becomes 


DP  -  Tr„ra  =  0.0821 


(5.57) 


and  reactive  efficiency  is 


nu 


l 

0.0821 


(5.:5S) 


This  demonstrates  that  with  the  optimal  choice  of  torque'  distribution,  the'  perfor¬ 
mance  of  the  robot  in  terms  of  power  efficiency  is  greatly  improved. 


It  can  easily  be  shown  bv  a  statics  analysis  that  this  torque  distribution  still 
exerts  a.  horizontal  force  on  the  wall  of  /,  =  1.  1  lie'  difference  (other  than  reduced 
input  power)  is  that  the  reaction  force's  in  the'  vertical  direction  arc-  changed.  I  lie 
vertical  force  is  zero  for  the-  lirst  case',  but  /,,  =  0.N2  It)  when  the-  torque  is  calculated 

for  the  optimal  efficiency  case.  The  fact  I  hat  this  non -zero  vertical  force-  is  generated 
is  a  possible  problem  with  this  method  when  applied  to  open-loop  systems  that 
become  closed  loop  systems  by  contact  with  the  environment.  Il  the-  method  is 
applied  to  a  real  closed-loop  mechanism,  the  change  in  forces  at  the  point  where 
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tilt'  virtual  cut  is  made  would  lx'  completely  internal,  and  have  no  riled  on  the 
task.  However,  this  does  not  mean  that  the  method  cannot  l><‘  used  as  shown  in  the 
example,  it  only  means  that  some  other  constraint  on  the  torques  may  exist.  In  the 
example,  to  reac  h  tin'  optimal  torque  distribution,  the  coefficient  of  ln<  turn  between 
the  wall  and  the  end-effector  would  have  to  be  greater  than  0.821.  If  //  <  0.821.  then 
the  end-effector  would  slip  before  this  torque  distribution  was  reached.  This  type 
of  constraint  can  be  expected  to  surface  in  applying  this  method  to  many  areas  of 
robotics,  such  as  optimal  grasping,  but  can  still  be  useful. 


VI.  Conclusion 


The  purpose  ol  this  thesis  was  to  develop  a  moans  of  measuring  and  using  the 
energy  efficiency  ol  robotic  devices.  This  required  a  consistent  method  of  describing 
the  task  mathematically,  a  measurement  of  the  task  output,  an  expression  for  the 
power  required  by  the  device,  and  a  metric  which  combined  these  elements  into  a 
scalar  quantity  that  one  could  use  to  judge  how  efficiently  the  mechanism  performed 
the  task. 

The  function  of  most  mechanisms  can  be  stated  by  describing  the  motion  of 
the  mechanism  and  the  forces  that,  it  exerts  on  the  environment.  Often  the  motion  is 
a  complex  path,  and  the  forces  will  change  as  the  device  moves  from  start  to  finish  in 
the  accomplishment  of  its  function.  In  addition,  some  mechanisms,  such  as  robots, 
are  multi-functional,  creating  an  even  more  complex  system  of  tasks  to  describe. 
At  any  given  instant,  however,  the  motion  and  exerted  force  of  the  device  can  be 
considered  constant.  These  quantities  can  then  be  written  as  two  screws,  the  twist 
and  the  wrench,  and  this  screw  pair  is  then  considered  to  be  the  instantaneous  task 
of  the  mechanism. 

For  some  functions,  one  of  the  two  defining  qualities  may  be  of  greater  im¬ 
portance  than  the  other.  For  example,  when  writing,  the  motion  of  the  pencil  tip 
is  much  more  crucial  than  the  force  exerted  by  the  tip  on  the  paper.  The  relative 
importance  of  the  force  and  motion  can  be  used  to  divide  tasks  into  three  types: 
kinetic,  manipulative,  and  reactive.  In  kinetic  tasks,  force  and  motion  are  equally 
important:  in  manipulative  tasks,  motion  is  most  important:  and  in  reactive  tasks, 
force  is  most  important. 

(liven  these  task  types  it  is  evident  that  no  single  metric  is  appropriate  for  all 
tasks.  Therefore,  we  developed  a  metric  for  each  task  type,  lor  kinetic  tasks,  the 
performance'  was  judged  by  the  standard  efficiency  measure'  of  the  ratio  of  output 


power  lo  input  power,  lor  manipulative  tasks,  the  metric  used  divides  tin'  twist 
magnitude  by  the  input  [rower,  and  lor  reactive  tasks,  the  wrench  magnitude  was 
divided  by  the  input  power. 

The  input  power  was  found  to  be  a  function  of  the  task,  the  geometric  config¬ 
uration.  and  the  type  of  actuator  used  by  the  mechanism.  \\  hen  redundancy  exists 
in  the  mechanism,  it  was  shown  that  the  expression  tor  input  power  contained  an 
arbitrary  term  that  could  he  used  to  change  the  power  requirements  for  a  given  task. 

After  establishing  the  method  for  measuring  the  efficiency  in  chapter  I\  .  chap¬ 
ter  V  demonstrated  some  of  the  ways  in  which  robotics  systems  can  be  designed  so 
as  to  optimize  energy  efficiency.  It  was  shown  that  the  location  ot  the  task,  rela¬ 
tive  to  the  robot  base,  can  be  chosen  to  improve  efficiency,  and  that  when  multiple 
inverse  kinematic  solutions  exist,  they  do  not  necessarily  have  the  same  efficiency 
for  a  given  task,  ft  was  also  found  that  DC  motor  driven  robots  are  generally  more 
efficient  than  hydraulic  actuated  robots  when  performing  kinetic  and  manipulative 
tasks,  but  that  hydraulics  are  more  efficient,  for  reactive  tasks.  Power  analysis  was 
also  shown  to  be  a  useful  tool  in  determining  the  most  efficient  mechanical  structure 
for  a  robot.  In  particular,  for  many  tasks,  a  parallel-type  arm  is  more  efficient  than 
a  serial  arm. 

Redundancy  resolution  can  also  be  accomplished  by  power  analysis.  A  method 
was  developed  for  controlling  a  serial  arm  with  kinematic  redundancy,  and  numerical 
simulations  demonstrated  the  ability  of  the  algorithm  to  decrease  energy  use  in  a 
lifting  task.  Actuation  redundancy  can  also  be  used  to  improve  efficiency. 

Since  this  area  has  not.  been  extensively  studied,  this  paper  has  tried  to  lay 
a  mathematical  foundation  for  power  analysis,  and  survey  some  of  the  possible  ap¬ 
plications.  Future  work  is  needed  to  supplement  this  thesis  in  many  areas.  First, 
experimental  evidence  is  required  to  verify  the  basic  equations  and  the  actuator 
models.  Second,  the  applications  should  be  explored  in  much  greater  detail.  In  par 
ticular,  the  analysis  of  closed  chain  mechanisms  should  be  expanded,  to  extend  its 


application  to  optimal  graspin'!;,  luially.  expanded  actuator  models  could  l>e  devel¬ 
oped.  which  may  allow  a  more  accurate  picture  of  how  a  mechanisms  motion  and 
force  allect  its  power  use. 

The  field  of  robotics  is  relatively  young,  and  until  recently,  most  research  in 
robotics  has  been  in  developing  methods  to  design  and  control  robots  in  a  variety  of 
tasks.  1  his  goal  has  been  nearly  reached,  as  the  kinematics  and  control  ol  manipu¬ 
lators  is  well  understood.  I  believe  that  the  goal  of  robotics  engineers  in  the  future 
should  be  to  create  robots  that  not  only  work,  but  work  efficiently.  I  hope  that  this 
thesis  may  contribute  in  some  way  to  the  attainment  of  this  goal. 


Appendix  A.  Mathematica  Routine  Used  For  Kinematic  Redundancij 

Example 

(*This  Mathematica  file  will  simulate  a  three-link  serial  arm 
performing  a  lifting  task.  *) 

(*The  equations  below  are  for  finding  the  inverse  kinematic 
solution.  They  are  not  used  by  the  Q  functions,  but  are  for 
troubleshooting  purposes.  *) 

j2x:=  ex  -  Cos[tt] 

j2y:=  ey  -  Sin[tt] 

d:=(j2x~2  +  j2y'2  -2)/(2) 

t2 :=ArcTan[d,-Sqrt [l-d~2] ] 

tl :=ArcTan[j2x, j2y]  -  ArcTan[l+  Cos[t2],  Sm[t2]] 

t3:=tt-t2-tl 

px[tl_,t2_,t3_] :=  Cos[tl]  +  Cos[tl+t2]  +  Cos [t l+t2+t3] 

py[tl_,t2_,t3_]  :=  Sin[tl]  +  Sin[tl+t2]  +  Sin[t.l+t2+t3] 

(*  The  dpt[]  function  calculates  the  partial  time  derivative  of  the 
device  power.  *) 

A  1 


dpt [tl_ ,t2_,t3_]  :=  {2* (Cos  [t  1  +  t2]  +  Cos[tl  +  t2  +  t3])* 

(-Sin [tl  +  t2]  -  Sin [t 1  +  t2  +  t3] )  + 

2* (Cos  [tl]  +  Cos  [t 1  +  t2]  +  Cos  [tl  +  t2  +  t3])* 

(-Sin[tl]  -  Sin  [tl  +  t2]  -  Sin[tl  +  t2  +  t3] )  - 

2*Cos  [tl  +  t2  +  t3] *Sin[tl  +  t2  +  t3] , 

2* (Cos  [tl  +  t2]  +  Cos [t 1  +  t2  +  t3] ) * 

(-Sin[tl  +  t2]  -  Sm [tl  +  t2  +  t3])  + 

2* (Cos  [tl]  +  Cos  [t 1  +  t2]  +  Cos  [tl  +  t2  +  t3])* 

(-Sin  [tl  +  t2]  -  Sin  [tl  +  t2  +  t3] )  - 
2*Cos  [t 1  +  t2  +  t3]*Sin[tl  +  t2  +  t3]  , 

-2*Cos  [tl  +  t2  +  t3]*Sm[tl  +  t2  +  t3]  - 
2* (Cos [tl  +  t2]  +  Cos  [t 1  +  t2  +  t3])*Sin[tl  +  t2  +  t3]  - 
2*  (Cos  [tl]  +  Cos  [tl  +  t2]  +  Cos  [tl  +  t2  +  t3])*Sin[tl  +  t2  +  t3] 

(*  j[]  is  the  manipulator  Jacobian,  jp[]  is  its  pseudo  inverse .  *) 

j  [tl_,t2_,t3_]  :  =  {-(-Sin [t l]  -  Sm[tl  +  t2]  -  Sin[tl  +  t2  +  t3]  , 
-Sin[tl  +  t2]  -  Sin [t  1  +  t2  +  t3]  ,  -Sin[tl  +  t2  +  t3]}, 

{Cos  [tl]  +  Cos [tl  +  t2]  +  Cos [tl  +  t2  +  t3] , 

Cos [t  1  +  t2]  +  Cos  [tl  +  t2  +  t3]  ,  Cos  [tl  +  t2  +  t3]}} 

jp [t 1_ ,t2_,t3_] :=pinv[j [tl,t2,t3]] 

(*  dp [3  calculates  the  device  power,  eff[]  calculates  efficiency. 

*) 


A -2 


dp[tl_,t2_,t3_] :=  f.v  +  f . j [tl , t2,t3] .T[j [t 1 , t2 ,t3]] . f 
ef f [t 1_ ,t2_ ,t3_] :=  f . v/dp [t 1 ,t2 , t3] 

(*  The  expressions  below  set  the  mtial  variables  for  the  task.  *) 

f :={0,  .1} 
v : ={0 , . 1} 
k :  =1 
xO :  =0 
xf :  =  .3 
dx :  =  .  1 
qO :  =0 
q=q0 

tO : ={2 . 87071 , -2 . 68862 , - . 382089} 
t=tO 

dtO: ={0,0,0} 
dt=dtO 

tv=Table [0, {z, 51}] 
qv=Table [0, {z , 51}] 
effv=Table[0,{z,5l}] 
dpv=Table [0 , {z ,51}] 

(*The  function  Q[w_]  runs  a  simulation  of  the  lift  task  from  t=0  to 
t=w,  using  the  kinematically  redundant  equations.  The  Q0  [w_] 
function  runs  the  same  simulation  without  taking  advantage  of 
redundancy.  *) 

A 


Q[w_]:=  Block [{t=tO ,dt=dtO , q=0} ,  Do[t=N[t+dt  dx] ;  a=N[t  [  [l]  J  ]  ; 
b=M  [t  [  [2]  ]  ]  ;  c=N  [t  [  [3]  ]  ]  ;  dt  =  N[jp[a,b,c]  . v  -  k  (Id[3] 

-jp[a,b,c]  .  j  [a,b,c]  )  .  dpt  [a  ,b ,  c]  ]  ;  q  =  N[q  +  N[dp[a,b,c]  dx]]; 
i=Floor[l0.01  x  +  1] ;  tv[[i]]  =  t;  effv[[i]]  =  N [ef f [a ,b , c] ] ; 
dpv [  [i] ]  =  N[dp[a,b,c]] ;qv[[i]]=q,  {x ,x0 ,w ,dx>] ; Print [q] ] 

Q0[w_]:=  Block[{t=t0.dt=dt0,q=0},  Do[t=N[t+dt  dx] ;  a=N[t[[l]]]; 
b=N [t  [  [2] ] ] ;  c=N [t [  [3]]] ;  dt  =  N [jp [a , b , c] . v] ;  q  =  N[q  + 
M[dp[a,b,c]  dx] ]  ;  i=Floor [10.01  x  +  l] ;  tv[[i]j  =  t;  effv[[i]]  = 
N[eff [a,b,c]] ;  dpv[[i]]  =  N [dp [a ,b ,c] ] ;qv [ [i] ] =q , 

{x,x0,w,dx}]  ; Print  [q]] 

(■►The  functions  below  draw  a  picture  of  the  motion  simulated  by  Q  [] 
or  Q0[],  using  Mathematica' s  graphics  primitives.  *) 

G [t 1_ , t2_ ,t3_ ,g_] :=Graphics [{Gray Level [g] ,Line [{{0,0},{xl[tl] ,yl 
[tl]>,{x2[tl,t2] ,y2 [tl  ,t2] } ,{x3[tl ,t2,t3] ,y3 [tl ,t2 ,t3] }}] ,Line[{{- 
.3,0), {.3,0}}] .Point Size  [0 . 03] .Point [[0,0}] .Point [{xl [t l] ,yl [tl] }] 

, Point [{x2 [tl ,t2] ,y2 [t 1 ,t2] }]}] 

Gl[v_,g_] :=  G [v [ [l] ]  ,  v  [  [2] ] ,v[[3]],g] 

Gp[x_,g_]:=  Block[{}.Glist=Table[0.{z, 10}] ;  Do [Glist [[Floor [i/5 
+1] ] ] =G1 [tv [[i] ] ,g] ,{i , 1 ,x , 5}] ] 


Gf : =Drop [Glist .-Count [Glist ,0] ] 


(*  The  following  functions  calculate  the  position  of  each  joint  for 
the  graphics  functions.  *) 

xlCtlJ  :  =  Cos  [t  1] 
y 1 [t 1 _] : =  Sin [t 1] 

x2  [t  1  _  ,t2_]  :  =  xl  [tl]  +  Cos[tl+t2] 
y2[tl_,t2_]  :=  y  1  [t  1  ]  +  Sin[tl+t2] 

x3[tl_,t2_,t3_] :=  x2[tl,t2]  +  Cos [tl+t2+t3] 
y3[tl_,t2_,t3_] :=  y2[tl,t2]  +  Sin[tl+t2+t3] 
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The  performance  of  an  automation  or  robotic  device  can  be  measured  in  terms  of  its 
power  efficiency.  Screw  theory  is  used  to  mathematically  define  the  task  in¬ 
stantaneously  with  two  screws.  The  task  wrench  defines  the  effect  of  the  device  on 
its  environment,  and  the  task  twist  describes  the  motion  of  the  devices  The  tasks 
can  be  separated  into  three  task  types:  kinetic,  manipulative,  and  reactive. 
Efficiency  metrics  are  developed  for  each  task  type.  The  output  power  is  strictly  a 
function  of  the  task  screws,  while  device  input  pwer  is  shown  to  be  a  function  of  the 
task,  the  device  Jacobian,  and  the  actuator  type.  Expressions  for  input  power  are 
developed  for  two  cannon  types  of  actuators,  DC  servomotors  and  hydraulic  actuators. 
Simple  examples  are  used  to  illustrate  how  power  analysis  can  be  used  for  task/ 
workspace  planning,  actuator  selection,  device  configuration  design,  and  redundancy 
resolution. 
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